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Abstract 
The main aim of this thesis is to develop and gain a better understanding of 
intrinsic Fabry-Pérot optical fibre sensors in high temperature environments. This thesis 
will describe the characteristics, manufacturing process, and applications of intrinsic 
Fabry-Pérot optical fibre sensors and their suitability for temperature sensing in high 
temperature environments. 
 Intrinsic Fabry-Pérot optical fibre sensors with different types of sensing 
elements were manufactured and investigated throughout this project.  The types of 
sensors differ at the dopant of their Fabry-Pérot cavity (sensing element), such as Ge-
doped core, F-doped depressed cladding and pure SiO2. Their long-term phase stability 
response at temperatures up to 1150
o
C over up to 4 months continuously monitoring is 
presented. Most promising results were given by pure SiO2 sensors up to 1000
o
C with a 
minimum temperature drift of less than 1
o
C. Above that temperature, all types of 
sensors showed temperature drifts from 20
o
C up to 100
o
C due to permanent changes of 
the core refractive index. At elevated temperatures, permanent changes of the core 
refractive index arise due to dopant diffusion in the optical fibre sensor, from core to 
cladding and vice versa, as well as tapering phenomena leading to phase response 
drifting and modulated behaviours.  
The presence of dopant in the Fabry-Pérot cavity proved to affect the phase stability of 
the sensors, especially for temperatures above 1000°C. An investigation of how dopant 
diffusion affects the core radius by making it larger is presented in this thesis as well. 
Using Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray 
(EDX) Spectroscopy, optical fibre sensors tested at temperatures up to 1150°C over 
long periods are investigated for dopant diffusion. After 85 days at temperatures above 
900°C, germanium concentration in the core of the sensor has been dropped down to the 
60% of its initial dopant concentration. Through calculations of FWHM and germanium 
wt. % concentration, the 40% of germanium dopant that have been diffused towards the 
cladding expanded the core radius by 0.9μm. This can lead to expanding tapering 
phenomena along the optical fibre and transformation of the single mode core to a 
multimode core, for specific wavelengths. Also, a modelled theoretical analysis of a 2
nd
 
order mode cavity interference in the fundamental cavity has been conducted proving its 
correlation with the modulated phase response at high temperatures.  
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: Introduction Chapter 1
This chapter presents the objective and motivation of the subject matter in this 
thesis and the layout of the thesis with a short description of each chapter.  
1.1 Thesis Aims and Objectives 
This thesis aims to the development and understanding of optical fibre intrinsic 
Fabry-Pérot sensors in harsh environments surrounded by temperatures up to 1100°C. 
Interferometer in-fibre Fabry-Pérot (F-P) optic sensors (Figure 1) are a design idea 
which proved to be beneficial for temperature monitoring in a temperature range up to 
1100°C [1]. A thorough analysis of characteristics, functionalities, challenges, and 
performance of Fabry-Pérot optical fibre sensors at high temperatures, is presented.  
 
Figure 1. General operation principle of a Fabry-Pérot in-fibre optical sensor. Both input 
and output reflected spectra of the sensor are depicted. 
Figure 2 depicts the cross section and dimensions of a standard 
telecommunication optical fibre. For each intrinsic Fabry-Pérot sensor manufactured 
throughout this work was used an 8.2μm core diameter single mode optical fibre 
(SMF28 ultra). Many intrinsic Fabry-Pérot sensors were manufactured and were tested 
evaluating their repeatability and phase response stability at high temperatures. The  
goal is to achieve intrinsic Fabry-Pérot optical fibre sensors suitable and robust for long-
term temperature sensing in a range between 800°C and 1100°C [2, 3]. The resolution 
of Micron Optics interrogator which has been used for our data acquisition is 5pm. As 
the temperature range we aim to test the sensors in this thesis is very high, a sensor 
resolution of less than 5°C would be suitable and applicable according to our data 
analysis equipment. 
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Figure 2.The left photo depicts an optical fibre threaded in a needle [4], while the right photo 
presents the cross section and dimensions of an optical fibre [5]. 
Different sensing elements were used during the manufacturing process, 
investigating the optimum type of Fabry-Pérot sensor for temperature monitoring. The 
long-term stability response up to 4 months of continuous monitoring was conducted. 
During the long-term stability tests, sensors were exposed to temperatures between 
800°C and 1150°C. The goal is to estimate the maximum temperature at which the 
sensors can continuously function without any phase drifting. Also, the source which 
causes sensor’s phase drifting is an objective that is investigated in this thesis. Thus,  
detailed study of the challenges, such as dopant diffusion and tapering phenomena that 
might occur to a sensor at extreme heat conditions is addressed [6, 7]. Experimental 
chemical element analysis, mapping the heated optical fibre’s cross section, combined 
with theoretical calculations of propagating mode analysis helped to address and justify 
the dopant diffusion phenomena and the modulations at the phase response of the 
Fabry-Pérot optical fibre sensor. The novelty in this thesis can be spotted on the long-
term stability up to 4 months of the intrinsic Fabry-Pérot optical fibre sensors, as well as 
the combination of phase and frequency, extracted from their spectrum, with which 
ambient’ s temperature change can be detected. In addition, the EDX multiple linescan 
mapping of germanium distribution at the cross section of the optical fibre sensor can be 
considered an innovative method for the investigation of dopant diffusion and tapering 
phenomena in optical fibres. 
 The long-term goal after establishing the phase response stabilization of in-fibre 
Fabry-Pérot (F-P) optical fibre sensors is their embedment in metallic structures 
throughout additive manufacturing. This can be achieved using Selective Laser Melting 
(SLM) and Layered Metal Deposition (LMD) techniques, in order to allow temperature 
sensing while the in-fibre optical sensor is embedded in a metallic component (Figure 
3). A successful integration of these components is highly desirable for harsh 
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environment applications in aircraft, energy and aerospace and aircraft turbine systems 
where high temperature conditions, up to 950°C, take place [8-11]. 
 
Figure 3. Optical fibre embedded into metallic structure (Stainless steel 316) using Selective 
Laser Melting [9]. 
 
1.2 Thesis Structure 
The chapters of the thesis are described below: 
 Chapter 2 focusses on the theoretical background of optical fibre sensing 
applications. Fibre optic technologies for high temperature measurement 
reported in literature are presented, leading to the purpose of this thesis. The 
basic principles of optical fibre waveguiding and operation of a Fabry-Pérot 
fibre sensor are specified. Additionally, a thorough analysis of the mathematical 
equations, which describe the Fabry-Pérot interferometer sensor, are presented. 
On these equations is based the data analysis routine that has been built on 
LabVIEW software.  At last, a short description of the experimental setup and 
equipment that has been used for the completion of this thesis is also outlined.  
 
 Chapter 3 describes the manufacturing process of building an intrinsic optical 
Fabry-Pérot fibre sensor. Each step of the manufacturing process such as 
cleaving, thin film deposition and splicing techniques is analysed. Different type 
of sensing cavity elements characterizes each type of intrinsic Fabry-Pérot 
sensor. The manufacturing process of each sensing element type is demonstrated 
in this chapter. The limitations of these manufacturing techniques are 
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highlighted as well, leading to a well-defined optical fibre sensor without losses 
and interferences in its sinusoidal spectrum. A theoretical and experimental 
analysis of thin mirror’s reflectivity is obtained. In addition, breaking strength 
experiments were conducted, finding the optimum splice strength of the sensor. 
 
 Chapter 4 investigates the accuracy and errors of temperature recording lying in 
the experimental equipment that has been used throughout the high temperature 
experiments. PREMA thermometer was subjected to ambient temperature 
control, in order to investigate the temperature monitoring stability. 
Furthermore, is presented the annealing cycle, thermal cycle, and the long-term 
stability response of each Fabry-Pérot (F-P) sensor that has been manufactured. 
A thorough investigation of the phase stability response of Fabry-Pérot sensor is 
described, between a temperature range of 850°C and 1100°C, for long periods 
of time up to 4 months. An experimental and theoretical analysis of sensors with 
various cavity lengths is also examined. 
 Chapter 5 focusses on the dopant diffusion and tapering phenomena occurring 
in an optical fibre which have an impact on sensor’s phase stability and 
robustness at high temperatures. Scanning Electron Microscopy (SEM) coupled 
with Energy Dispersive X-ray (EDX) spectroscopy was used to investigate the 
germanium dopant diffusion of optical fibre sensors that have been heated up to 
1150°C over 100 days. Based on theoretical modelling calculations, an analysis 
of a 2
nd
 order mode interference in the fundamental cavity has been conducted. 
In addition, an evaluation of the circumstances that could rise a 2
nd
 order mode 
cavity in the optical fibre, are analysed. 
 Chapter 6 reviews the work that was conducted throughout this scientific 
research followed by an analysis of the core conclusions and providing a 
viewpoint for future work.    
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: Literature Review Chapter 2
2.1 Introduction to Optical Fibres Sensors 
The goal of this chapter is to establish the background of the research work 
presented in this thesis. Initially, is provided a summary of optical fibres in which their 
properties and operational characteristics are described. Even though electromagnetic 
theory is needed for the explanation of optical fibre functionality at high temperatures, it 
is similarly being explained by basic optics theory, both described in this chapter. Based 
on both theories, the challenges and performance impacts on optical fibres at high 
temperatures are also reviewed. Additionally, their use as sensors for measuring various 
environmental parameters is presented, focussing more to the essence of this work 
which is high temperature sensing. Moreover, there will be addressed the main 
advantages and disadvantages of this interferometric technology providing a hopeful 
technique for accurate and stable temperature monitoring at high temperatures.  
The main sensor investigated in this research is the intrinsic Fabry-Pérot optical 
fibre sensor. A description of basic operation principles of Fabry-Pérot interferometry 
and its implementation in optical fibre sensors is included in this chapter. The 
interrogation routine of data analysis built on LabVIEW software is also described. 
Finally, a brief description of thermometers and thermocouples are presented, including 
the experimental setup and equipment that had been used for the completion of the 
scientific experiments of this thesis.  
2.2 Background of Optical Fibre Sensors (OFS) 
In 1970, Corning Glass Works successfully manufactured single mode fibres with 
attenuation less then 20dB/km using titanium dopants in silica glass [12]. Three years 
later, Bell Laboratories established a modified process using chemical vapour 
deposition forming ultra-transparent glass by heating chemical vapours and oxygen. In 
this way, low-loss optical fibres could be massively produced [13]. Nowadays, optical 
fibres are still being manufactured by chemical vapour deposition process remaining an 
ordinary method.  
In the last few decades, optical fibre sensing has attracted significant attention due 
to the disadvantages of the conventional sensing techniques. These disadvantages have 
given the opportunity to make significant improvements to a variety of optical fibre 
sensors for measuring various conditions. Fibre optic sensors offer a series of 
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advantages as they prove to be lightweight, highly sensitive, immune to electromagnetic 
radiation and they can be embedded in metallic components[8, 10, 14]. Depending on 
the application, an optical fibre sensor can be used in spaces characterized by micron 
size scale (Figure 2), or at places with high voltage electricity or flammable materials at 
the remote location such as jet fuel. Also, they can be multiplexed by using distributed 
Bragg gratings along its length for each sensor making them suitable for in remote 
sensing [15]. Their multiplexing ability to connect many optical sensors of different 
types to a single optical fibre is cost effective and less complex for installation [16].  
Liquid level [17], refractive index [18], strain [19], pressure [20], temperature [2, 11, 
21, 22] and many of other measurands can be measured by optical fibre sensors. Hence, 
they have been broadly used for many applications in military services, biometric 
companies, civil engineering structural health monitoring, aircraft health monitoring and 
for petrochemical installation in oil industry [19, 23].  
Temperature measurements require suitable sensor technologies for real-time 
process condition monitoring at high temperatures exceeding 1000 °C [24]. At high 
temperatures electrical sensors showed restrictions at their reliability due to disturbances 
by electromagnetic fields. Due to their inherent electrical conductivity, they are 
vulnerable to electromagnetic interference and risky high voltages can introduce errors 
during measuring. Furthermore, electrical sensors such as thermocouples exhibit low-
level electrical signals with susceptibility to noise. The resistance of long lead wires 
creates a voltage drop which makes it difficult to use these sensors for remote sensing. 
In addition, they don’t offer the capability of multiplexing, compared to optical fibre 
sensors. Optical fibre sensors made by fused silica (SiO2) material proved to eliminate 
these limitations [12]. 
Many applications need sensors that exhibit sustainability at high temperature 
processes of many hundreds Celsius degrees. Fused silica optical fibre sensors proved to 
be an excellent choice. One of their characteristic is their high strain point which is in 
the range of 990-1100°C [25], making them an excellent candidate with potential to 
function at temperatures up to 1100°C. Their softening point is close to 1200°C [26] 
meaning that optical fibre sensors based on fused silica material are very suitable for 
applications in the energy and aerospace industry, which demand high temperature 
environments [21, 27, 28]. Mechanical strength of fused silica fibres exhibits no stress 
ageing when they are subjected to harsh conditions, for example humidity or extreme 
temperature surroundings. Usually, optical fibre sensors are exposed to extreme 
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condition levels of mechanical demands, temperatures, and chemical aggressiveness 
exceeding the limits of a standard telecommunication fibre (SMF28). An extended 
research work has been done on optical fibre sensors at high temperatures such as 
sapphire fibre sensors up to 2000°C [29, 30], regenerated Bragg gratings up to 1100°C 
[21] and intrinsic Fabry-Pérot sensors up to 1200°C [11, 31].  
Optical fibres exhibit some limitations which can affect their durability and 
robustness. Mechanical damage to the fibre surface during installation or construction 
activities, stripping for example, can limit its functionality degrading fibre’s strength 
and leading to the development of surface cracks. Dust, humid atmosphere, and 
chemical substances during fibre treatment can cause additional strength degradation as 
well [12, 23]. Additionally, fibre optic sensors show limitations on cost rather than 
technology as the installation costs while dropping, are still high as specialized optical 
test equipment is often required. Also, optical fibre sensors are affected by interference 
from multiple effects. For instance, a sensor used for measuring pressure or strain 
exhibits sensitivity to temperature variation [32].  
In general, optical fibres can survive at high temperatures better than electrical 
cable sensors as they prove to be more robust in the presence of destructive chemicals 
and harsh temperature environments. Intrinsic Fabry-Pérot optical fibre sensors have 
been extensively examined in our research to investigate stability at high temperatures. 
 
 Optical Fibre Overview 2.2.1
Usually, in an optical fibre the light is guided in the core, which is surrounded by 
an external cladding. Fibre’s core refractive index (n1) is constant and slightly higher 
than the refractive index (n2) of the cladding, depicted in Figure 4. The three regions of 
a typical optical fibre are presented below: 
1. primary-secondary buffer (plastic material for stress and handling protection) 
2. cladding (fused silica glass with refractive index n2) 
3. core (fused silica glass with refractive index n1) [33-35] 
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Optical fibres are usually made of fused silica material (SiO2) of high purity. 
Fused silica has the specific characteristic of no solidification at discrete freezing 
temperature, on the contrary its hardness gradually increases. Additionally, it is 
extremely transparent and is characterized by extremely low light transmission loss 
[36].  However, the optical domain of a fused silica optical fibre presents a number of 
different types of attenuation such as absorption losses, scattering losses and dispersion 
phenomena [12, 35, 36]. 
 
Figure 4. A schematic representation of standard single mode communication fibre (SMF28), 
showing the different diameters of the component layers [37]. 
Light attenuation depends on the type of the fibre and the wavelength that is 
travelling through, which shows an exponential power decrease with regards to 
distance. Scattering phenomena and absorption of light in the optical fibre are the main 
reasons of light attenuation, as it is presented in Figure 5. Waveguide imperfections 
(horizontal dashed line) such as molecular resonances and wavelength impurities in 
fibre’s material, is one reason that can absorb the waveguiding light. Also, OH- 
absorption (red circles in Figure 5) is generated by the presence of hydrogen or 
hydroxide ions resulting from water residuals during manufacturing or scattering 
humidity in the environment. UV absorption results from electronic absorption bands in 
the ultraviolet region, which they are associated with the band gaps of amorphous glass 
materials. Finally, Rayleigh which is wavelength dependent is caused by material 
inhomogeneities which are smaller than light signal’s wavelength. All the above 
mentioned factors contribute to the attenuation of light travelling through an optical 
fibre. The wavelengths for which light exhibits the minimum loss (<0.2dB) is at 1.3μm 
and 1.55μm.  The units of attenuation coefficient are usually expressed in dB/km [38].  
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Figure 5. Attenuation behaviour (solid black line) of a fused silica (SiO2) optical fibre with 
respect to wavelength [39]. The dashed/dotted lines represent the attenuation of an optical 
fibre caused by various factors individually. 
 
2.2.1.1 Ray Optics of Waveguiding Light in Optical Fibre 
The refractive indices of the cladding region and the core region (n1 > n2) differ 
by a very small percentage. Based on this regime, total internal reflection is occurring 
and the waves travel across the fibre by multiple scattering at the interface of these two 
regions. Figure 6 shows total-internal reflection (TIR) phenomenon where incident 
light ray hits on a boundary of two mediums, with difference in density, at a larger 
angle than the critical angle, regarding the normal of the surface. Total 
internal reflection takes place when the critical angle (αc) is the same with the angle of 
incidence, given by Equation 1. The outcome is the reflected wave to shift in phase, 
which is related with the incident angle and both media refractive indices (RI) [34]. 
𝑎𝑐 = 𝑠𝑖𝑛
−1
𝑛1
𝑛2
 Equation 1 
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Figure 6. Schematic representation of total internal reflection in the fibre. 
Figure 6 shows the total internal reflection taking place in a fibre’s core where a 
waveguiding signal travels through. Only light of a specific angle (αc) will be reflected, 
any other light will be refracted out of the medium. This can be used to make light 
travel through a suitable guide such as glass or water [36]. 
𝛥 =
𝑛1 − 𝑛2
𝑛1
 Equation 2 
 
𝑉 =  𝑘0 ∗ 𝛼 ∗ (𝑛1
2 − 𝑛2
2)
1
2 =  𝑘0 ∗ 𝛼 ∗ 𝑁𝐴 Equation 3 
 
where k0 = 2π/λ is the wavenumber, α is the radius of the core and λ is transmitted 
light’s wavelength. Equation 3 shows that the V number is proportional to both 
numerical aperture (NA) and core’s radius (α), and is inversely proportional to 
wavelength (λ). The V normalized frequency provides information about the optical 
fibre’s modes, determining the number of the transmitted modes and consequently if the 
optical fibre will be multimode or single model [40, 41].  
 
2.2.1.2 Wave Optics Principles of Light in Optical Fibre 
Light guidance by optical fibres can be understood by considering rays of light 
and the principle of total internal reflection. However, for single-mode fibres where 
only one mode can propagate, a more thorough description of light propagation is 
provided by electromagnetic wave theory. Most optical fibres have a radially symmetric 
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refractive index profile and exhibit very low refractive index difference between 
cladding and core. Hence, a weakly guiding approximation can be used on them, where 
their propagating modes can be characterised as linearly polarized (LP) modes [42-44]. 
The intensity distribution is derived after solving the Maxwell equations, where the 
exact solutions for the electromagnetic field components can be found. Due to the 
cylindrical geometry of the optical fibre, the wave propagation solutions have the form 
of Bessel functions. Equation 4 presents, in cylindrical coordinates, the wave equation 
for the complex electric field profile E(r,φ). A thorough analysis on Bessel functions it 
is not the purpose of this thesis and it can be found in literature [39, 43]. 
𝜕2𝐸
𝜕𝑟2
+
1
𝑟
𝜕𝐸
𝜕𝑟
+
1
𝑟2
𝜕2𝐸
𝜕𝜑2
+ 𝛽 ∗ 𝛦 =  0 Equation 4 
The fundamental mode includes two eigenmodes, differing only by their 
polarization (HE11 and EH11). The modes in a cylindrical dielectric waveguide are 
described as either TE, TM or hybrid. The hybrid modes are separated to 2 categories, 
HE modes where the axial electric field distribution Ez remains larger compared to Er or 
Eφ, and EH modes where the axial magnetic field distribution Hz remains larger 
compared to Hr or Hφ [36, 41]. Table 1 presents the V normalized frequency regions 
and their correspondent linear polarized propagating modes and degenerate modes. The 
latter modes share the same propagation constants (β) but different orientations, for 
instance LPlm modes with l ≠ 0 are degenerate. Many modes can be supported for V 
number larger than 5.1356 [43]. However, our work was conducted with single mode 
optical fibres which under extreme heating we estimate that they can support a 2
nd
 order 
mode, where its normalized frequency lies between 2.4048 and 3.8317. 
Table 1. V normalized frequency regions and the correspondent modes of propagation. 
V number Linear Polarized 
modes (LPlm)  
Degenerate modes Full number 
of modes 
0 - 2.4048 LP01 HE11 2 
2.4048 - 3.8317 LP11 TE01, TM01, HE21 6 
3.8317 – 5.1356 LP21, LP02 HE12, EH11, HE31 12 
The effective refractive index (neff), also called modal index, has the analogous 
meaning with the phase constant (β) for light propagation in a waveguide. Their 
relationship is linear for a specific wavelength, given by Equation 5. The effective 
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refractive index of guided modes takes values between the refractive indices of cladding 
and core. The effective index is not just a material property, but depends on the design 
of the waveguide, so it could be a complex quantity. In that case, the imaginary part 
describes gain or loss [45]. The intensity profile of the lowest-order mode, which is 
LP01, it is conformable to a Gaussian distribution [44, 46]. 
𝛽 =  𝑛𝑒𝑓𝑓 ∗
2𝜋
𝜆
=  𝑛𝑒𝑓𝑓 ∗ 𝑘0 Equation 5 
Figure 7 shows the effective refractive index with respect to V parameter which 
correspond to the first seven modes in an optical fibre. Single-mode propagation is 
achieved, for a given wavelength, when V<2.405, where only HE11 (LP01) mode can be 
supported. For normalized frequency values larger than 2.405, more modes are 
introduced in the optical fibre. As it is presented in the latter figure, the neff for every 
mode is monotonically increased with regards to the normalized frequency. An 
explanation is that the modal fields are more confined in the core with the increase of 
the V number.  
 
Figure 7. Effective refractive index with respect to normalized frequency of the seven lowest-
order modes [44]. 
 
2.2.1.3 Types of Optical Fibres 
Figure 8 demonstrates the three most common optical fibre types which are from 
top to bottom the multimode stepped index fibre, the multimode graded index fibre and 
the single-mode stepped index fibre, respectively. Additionally, the diameters, refractive 
index profiles and output pulses of each type of optical fibre are depicted in Figure 8. 
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The single mode stepped refractive index fibre is the type we are currently using for the 
development of Fabry-Pérot optical fibre sensors. The number of guided modes in a 
stepped index optical fibre can be defined by Equation 3 and is given by V
2
/2 [47]. A 
thorough analysis of the refractive index profile of various optical fibres, such as F-
doped depressed cladding, Ge-doped core and graded index profile fibres can be found 
in the literature [48]. 
 
Figure 8. Types of optical fibres. From top to bottom are depicted the multimode stepped 
index fibre, multimode graded index fibre and single-mode stepped index fibre [47]. 
For the step index (single mode or multimode) optical fibre, the core follows a 
constant refractive index profile. Instead, graded index optical fibres show a non-linear 
symmetric refractive index profile, gradually decreasing from the core’s centre towards 
cladding. As a result, the rays travel through the core in a twisting form around the 
optical axis, known as intermodal dispersion arising by different modes traveling with 
different speeds [49, 50]. High temperature impact on single mode refractive index 
profile proved to provoke a transformation to multimode graded refractive index profile 
[51]. Propagating modes characteristics of graded-index optical fibres, with a core 
refractive index which varies arbitrarily with radius, have been studied in [52, 53], using 
the most accurate approximations. 
2.2.1.4 Thermo-optic (CTO) and Thermal Expansion (CTE) Coefficient 
Another essential point which needs to be understood is how temperature affects 
the refractive index of the optical fibre, and how heat induces the basic material of the 
sensor, which is fused silica (SiO2). The thermo-optic coefficient (CTO) and dispersion 
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defined by 
𝑑𝑛
𝑑𝛵
, and 
𝑑𝑛
𝑑𝜆
, respectively, are also characteristics of optical glasses which are 
used in laser devices. The refractive indices of the core and the cladding can be 
calculated by the dispersion Sellmeier equation (Equation 6). The refractive index 
values of core and cladding, at 1550nm, which were used for theoretical modelling are 
1.44934 and 1.44395, respectively. Both emanate from:  

 

3
1 22
2
1)(
i Bi
Ain


  Equation 6 
where λ is the wavelength and Ai, Bi are the Sellmeier coefficients. The Sellmeier 
coefficients (A1, A2, A3, B1, B2, B3) that were used, can be found in literature [54].  
Medium absorbs part of the transmitted laser power exhibiting heat increase, 
which consequently changes its refractive index. Ambient temperature variations will 
have analogous effects at the refractive index, as well. In 1995 G.Ghosh proposed that 
thermo-optic coefficient of optical glasses is mostly affected by the temperature 
coefficient of the excitonic band gap (Eeg), an isentropic band gap (Eig) and the thermal 
expansion coefficient (𝛼), rather than the temperature coefficient of the electronic 
polarizability that was considered to be the basic reason in the first place [55-57]. In 
transmission region, thermo-optic coefficient (CTO) which describes the variation of 
refractive index with respect to temperature, is dispersive. The dispersions of the 
refractive index and the thermo-optic coefficient, are not equal. Thermo-optic 
coefficient includes contributions of both optical phonons and electrons, and it can be 
described by Equation 7. 
2𝑛
𝑑𝑛
𝑑𝑇
= (𝑛0
2 − 1) ∗ (−3𝛼𝑅 −
1
𝐸𝑒𝑔
𝑑𝐸𝑒𝑔
𝑑𝑇
𝑅2) = 𝐺 ∗ 𝑅 + 𝐻 ∗ 𝑅2 Equation 7 
In Equation 7, n0 corresponds to the refractive index of low-frequency in the 
infrared region, α corresponds to the thermal expansion coefficient, Eeg corresponds to 
the excitonic bandgap, and R is the normalized dispersive wavelength, determined by 
𝑅 =
𝜆2
𝜆2 − 𝜆𝑖𝑔
2  Equation 8 
where λig is the corresponding wavelength to the isentropic bandgap, Eig.  
At the second part of Equation 7, constant G is correlated to the thermal 
expansion coefficient (𝛼) while constant H is correlated to the temperature coefficient 
of the excitonic band gap (Eeg). Obviously, these two factors control the thermo-optic 
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coefficient, from which dn/dT can take positive or negative values. In addition, thermo-
optic coefficient of the glass can be affected by the type and concentration of the dopant 
in the optical fibre, which is used to increase the refractive index of the core [58]. For 
optical glasses, fibre glasses, and non-linear crystals the contribution from the thermal 
expansion coefficient (α), which is the first factor, is negative as α is normally positive. 
The contribution is also small, more specific in the order of 10
-6
/°C. Additionally, 
the temperature variation of the excitonic band gap (Eeg), which is the second factor, is 
normally negative for the glasses and non-linear crystals [59]. Due to the fact that the 
first part is also negative this contribution it will be positive and larger than the first 
contribution to produce positive values of 
𝑑𝑛
𝑑𝛵
  [55, 60]. Analysing his experimental 
refractive-index data, Ghosh’s calculations showed a dependence of Eeg from 
temperature through a nonlinear behaviour [57]. With the significant help of LabVIEW 
software package, we developed a theoretical model which includes the non-linearity of 
the thermo-optic coefficient quoted in Equation 9. 
The values of 𝑎, 𝑏 and 𝑐 parameters that have been used for our theoretical 
modelled calculations are 8.16638*10
-6
, 1.04124*10
-8, 
and -5.59781*10
-12
, respectively 
[54]. The latter values characterize the thermo-optic coefficient of fused silica. 
Nevertheless, optical fibre’s core is made from fused silica doped with germanium to 
increase the refractive index, according to SMF28 ultra fibre spreadsheet. The 
germanium dopant will alter the thermo-optic coefficient. Nevertheless, given that the 
difference between the refractive index of the core and the cladding is approximately 
~0.36% [61] the exact germanium concentration in the core is very small. Thus, the 
temperature response of both optical fibre and fused silica are considered identical. 
When a material is heated by a temperature difference ΔΤ, expansion takes place. 
This expansion over its initial length can define the thermal expansion coefficient. The 
mathematical equation of TCE for an elongation of an optical fibre is linear and is given 
by Equation 10. An important measure of thermal shock resistance of glass is its 
expansion as the temperature increases. Normally, if the expansion coefficient is high 
then a rapid heating or cooling can cause a fracture to the glass [62]. 
𝑑𝑛〈𝑇〉
𝑑𝑇
= 𝑎 + 𝑏 ∗ 𝑇 + 𝑐 ∗ 𝑇2 Equation 9 
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Figure 9 and Figure 10 show the dependency of the thermal expansion 
coefficient (𝛼), for various doped optical fibres, on temperature and on dopant’s relative 
refractive difference, respectively. Additionally, the thermal expansion coefficient it is 
the reason for the growth of thermal stress at the core-cladding interface, in doped silica 
fibres. This effect can be relieved with thermal annealing [63]. This is caused due to the 
two different materials of the core (Ge-doped SiO2) and cladding (SiO2). A difference 
between the TCEs of less than 2*10
-7
 
o
C
-1
 is optimum for glass sealing, avoiding any 
failure at high temperatures [62]. 
 
Figure 9. Thermal expansion coefficient for 
various doped optical fibres with respect to 
temperature[63]. 
 
Figure 10. Averaged thermal expansion 
coefficient for Ge-doped and F-doped optical 
fibre with respect to dopant concentration[63]. 
 
 High Temperature Impact on Optical Fibres 2.2.2
Fused silica glass (SiO2), has many characteristics making it reliable to withstand 
high temperatures. Nevertheless, as everything in the world likewise optical fibres have 
their limitations. Important issues rise when silica optical fibres are used at high 
temperatures. Fused silica glass is characterized by high viscosity, which allows the 
glass to be shaped, cooled, and annealed without any crystallization phenomena. Also, 
fused silica glass has very low thermal expansion coefficient which makes it extremely 
resistant to thermal shocks. This material exhibits inertia to chemicals except to 
hydrofluoric acid, which can dissolve fused silica. In addition, at temperatures above 
1100°C and especially when contaminants such as sodium, phosphorus, and vanadium 
𝛼 =  
𝛥𝐿
𝐿0𝛥𝛵
 Equation 10 
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are present, fused silica glass will devitrify forming cristobalite crystals where its 
properties will be destroyed [64].  
2.2.2.1 Viscosity of Fused Silica (SiO2) 
In glasses, viscosity determines melting conditions, annealing temperatures, 
crystallisation rate, and maximum temperature of usage. Viscosity is highly connected 
with temperature, which defines a medium’s resistance to flow and it is associated with 
structural diffusion, defined by an activation energy Q. Figure 11 shows the 
relationship between viscosity and temperature of vitreous silica, which is very similar 
with fused silica (SiO2) as they are both amorphous materials. In the same figure the 
corresponding temperatures for strain and annealing point of vitreous silica are 
presented. The strain point indicates the temperature where glass molecules have 
reached to a state at which no more strain can be introduced, while annealing point is 
the temperature at which residual internal stresses are released. The viscosity of the 
fused silica decreases with temperature increase, obtaining its softening point above 
1600
o
C. Equation 11 shows the mathematical definition of viscosity, described in terms 
of activation energy (Q) and temperature (T) in Kelvin. 
where R is the molar gas constant, and A is a constant [64, 65]. 
 
Figure 11. Viscosity (logarithmic scale) for vitreous silica with respect to temperature. 
Vitreous glass has strain and annealing point at 1100
o
C and 1150
o
C, respectively [65]. 
 
2.2.2.2 Phase Transition Point—Softening of Glass  
The annealing process causes regrouping to an optical fibre’s structure. Also it 
proved to be dependent on optical fibre’s mechanical and thermal history [66]. Some 
𝜂(𝑇) = 𝐴 ∗ exp (
𝑄
𝑅𝑇
) Equation 11 
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temperatures, such as the glass transition temperature and the softening-point 
temperature, characterize viscosity’s gradual change with respect to temperature 
(Figure 12). In the same figure the density of glass and crystal, with respect to 
temperature, can be seen. Above the transition temperature, density of glass starts 
decreasing pushing glass to a malleable state. The transition temperature of fused silica 
is Tg ~1250°C. Usually, the transition temperature of optical fibre’s core is slightly 
lower than cladding’s, due to the presence of dopants [67]. The softening point of fused 
silica glass is roughly 1650°C. At this temperature, a fast deformation will take place at 
the glass, as it doesn’t have an accurate melting point. Glass tends to become 
increasingly softer with temperature increase, increasing in that way its viscosity [68]. 
Some of the parameters which significantly drop the lifetime of optical fibres are 
mechanical stress, temperature, chemical environment and relative humidity [69]. 
 
Figure 12. Density and phase changes of glass and crystal, above and under the transition 
temperature [70]. 
To avoid important surface alterations, glass elements should stay below 150°C to 
200°C of the glass transition temperature. Due to the fact that glass transition 
temperature defines a second-order phase transition similar to melting, at such high 
temperatures the temperature dependence of various properties can change. For 
instance, significant changes take place to many properties such as static dielectric 
constant, the thermal expansion, the viscosity, shear modulus, heat capacity, and many 
other properties of glasses [70]. 
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2.2.2.3 Dopant Diffusion in Optical Fibres  
Another essential effect which proved to be important for optical fibre’s 
performance at high temperatures is dopant diffusion. As it was described in previous 
sections, optical fibres are normally being doped with various elements to increase or 
decrease the refractive index of the core or the cladding, respectively. According to 
literature review [7, 71-73] diffusion of dopants in the optical fibres proved be feasible 
at high temperatures. 
Silica optical fibres have a high softening temperature which supports them to 
retain their mechanical principles even at 1000°C. Dopant diffusion influences the 
refractive index profile during manufacturing process of the optical fibre. Various 
processes such as fibre drawing, splicing, tapering, and testing of optical fibres at high 
temperatures can cause dopant diffusion effects at optical fibres. Thermally expanded 
core (TEC) fibres have an expanded mode field diameter attained by heating a step-
index single-mode fibre locally at high temperature (of approximately 1300°C to 
1650°C) and diffusing the germanium dopant out of the core. The heating temperature 
and its duration control the expansion rate of the core. As a result, long term exposure 
of optical fibres to high temperatures causes an irreversible change in the fibre 
properties, converting gradually the refractive-index core profile to a graded shape 
profile [73]. Almost certainly this effect is explained by the inwards/outwards diffusion 
of fluorine/germanium atoms to the core/cladding. This effect is significantly enhanced 
at temperatures higher that 1000°C [72, 74]. 
Moreover, the diffusion behaviour of fluorine and germanium dopants above 
1000°C is of high concern. Due to the fact that fluorine can be diffused faster than other 
common dopants such as phosphorous and germanium, it should be attained an a priori 
knowledge of its impact an optical fibre’s performance  [7, 71]. 
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Figure 13. Measured modal power distributions along the centre of cross section of a fibre 
for various heat-treatment conditions. The distributions are normalized by the modal 
power[73]. 
Modal and germanium concentration distributions were measured, showing their 
broadening due to dopant diffusion after heating an optical fibre. Figure 13 shows the 
measured near-field patterns of optical fibres after being heated at various temperatures 
and periods. At the latter figure, is presented the spot size which is proportionally 
related to germanium’s profile width. For instance, there is a 2.5 times enlargement of 
the heated fibre’s spot size at 1400°C for 5 hours, compared to the original size [73, 75]. 
Figure 14 presents the germanium concentration distribution, in arbitrary units, of an 
optical fibre’s cross sections before and after a 10 hours heat treatment. It was proven 
that germanium atoms are outwards diffused, from the core to the cladding, during heat 
treatment experiments [73]. 
 
Figure 14. Measured (dashed) and simulated (solid) germanium concentration distributions 
after the heat treatment. Ge distribution before the heat treatment is also shown [73]. 
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 Figure 15 portrays the relationship between the enlarged MFD of a thermally 
expanded core and its heating time. MFD’s enlargement will have an impact on Fabry-
Pérot sensor’s performance due to tapering phenomena along the optical fibre by 
dopant’s diffusion.  Consequently, more modes will be introduced in the thermally 
expanded region of the optical fibre affecting the phase response of the Fabry-Pérot 
cavity. A micro burner with a propane/oxygen flame has been used to achieve a local 
expansion of an optical fibre’s core diameter. The heating temperature of the micro 
burner is not measured during the dopant diffusion. After the dopant begins to diffuse, 
the MFD starts a rapid expansion following a nearly parabolic behaviour [76].  
 
Figure 15. Mode field diameter (MFD) of an optical fibre with respect to heating time[75]. 
Normally, Energy-dispersive X-ray spectroscopy (EDS) technique is used to 
measure the element concentration before and after diffusion in optical fibres. The same 
technique has been used in our work. EDS technique records the X-ray spectrum, 
emitted by a solid sample bombarded with a focused beam of electrons, obtaining a 
localized quantitative chemical analysis. This determination of the sample’s element 
concentrations, involves measuring line intensities for each element [77]. 
2.2.2.4 Effects on Optical Fibres during Optical Fibre Drawing 
 After the formation of a uniform composition fibre glass there can still be found 
frozen optical and mechanical changes. These frozen stresses and strains shown huge 
impact to both mechanical and optical properties of optical fibres [78]. An investigation 
of germanium (Ge) and fluorine (F) diffusion during silica optical fibres drawing 
proved that both elements can diffuse at high temperatures (2100°C) at low draw speeds 
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(10m/min). Theoretical work showed that the most diffusion occurs in the neck-down 
region [80]. The preform diameter does not significantly affects the diffusion, whereas 
the draw temperature (Figure 16) and preform drawing tension (Figure 17) have a 
significant impact on it causing excess loss at the optical fibre [79, 80]. Additionally, 
high temperatures and long process time affect the dopant profiles by broadening them 
[81]. Due to the difference at the viscosities of core and cladding, tension from drawing 
can induce high residual stress at the core. The residual stress reduces core’s refractive 
index through photo elastic effects. The result is a shift of cut-off wavelength to shorter 
wavelengths [80]. 
During drawing, an optical fibre is cooled down from high temperature. Its 
regions, such as core and cladding, contain different dopant types and concentrations 
which subsequently will exhibit different thermal expansion coefficients. The different 
values of thermal expansion coefficient and viscosity between optical fibre’s regions 
can raise thermal stress effects. This results to different thermal contraction to some 
regions of the optical fibre than to others. At room temperature, the unstrained 
dimensions of the core diameter of an optical fibre will be marginally inconsistent with 
the unstrained dimensions of fibre’s cladding inner diameter. Strain is required to 
maintain geometric continuity between these fibre regions rising residual elastic 
stresses. Draw-induced mechanical effects and thermal stresses are the main reasons 
that cause the residual elastic stresses and strains [79].   
 
 
Figure 16.  Preform types of optical fibres 
showing the relationship between the excess loss 
and the drawing temperature [79]. 
 
 
Figure 17. Optical loss spectra versus different 
drawing tensions of an optical fibre (preform 1 of 
Figure 16) [80]. 
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2.2.2.5 Summary of High Temperature Effect on Optical Fibres 
Optical fibre’s material, fused silica (SiO2), proved to have a variety of 
advantages at high temperatures. On the other hand, especially above 1100°C, optical 
fibre starts showing several effects that affect its performance. Above that temperature 
the viscosity of fused silica decreases, going through its phase transition point which 
sits at 1250
o
C and reaching to its softening point at above 1650
o
C. Fused silica material 
will not liquify at that high temperatures but it will become softer. In addition, heating 
an optical fibre at temperatures above 1100
o
C showed diffusion of its dopant to other 
regions of the optical fibre, from core to cladding and vice versa depending on the type 
of the optical fibre. Optical fibre drawing is a common method of manufacturing an 
optical fibre at which fused silica glass is heated at 2100°C where uniform composition 
fibre glass can be formed. After its formation, frozen optical and mechanical changes, 
such as stresses and strains, in optical fibre’s material can be found. Working with 
optical fibres at such high temperatures consideration of these phenomena must be taken 
as both mechanical and optical properties of optical fibres are highly affected. The 
impact of high temperatures, through these phenomena, could be errors and drifts at the 
measured travelling signal (phase, intensity, polarization) in the optical fibre or at the 
worst-case scenario mechanical corrosion of the optical fibre itself. 
2.3 Optical Fibre Sensors (OFS) 
Established high temperature sensing techniques, often based on electrical 
sensors, are used extensively throughout many industries. Optical fibre sensors proved 
to be capable to detect and quantify a variety of quantities such as temperature [82], 
pressure [83], refractive indices [84], vibrations [85], displacements [86], rotations or 
concentration of chemical species. However, optical fibre sensors tend to be fused when 
the sensing requirements cannot be met by conventional sensing technologies. The 
advantages that make optical fibre sensors competitive with conventional sensors 
include: small physical size, electrical passivity, immunity to electromagnetic 
interference, potential of long distance remote operation, potential high bandwidth 
operation, a potentially high spatial sensing resolution, and also the potential of 
multiplexing an amount of sensors along a single optical fibre [32]. 
Intensity, phase, frequency, and polarization are some of the parameters that 
characterize light. Any one of these parameters can experience changes under 
environmental perturbations. Fibre optic sensors exploit the change of these 
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characteristics measuring their magnitudes or modulations and quantifying the 
environmental variation. A sensor can be characterized as phase, intensity, frequency, or 
a polarization sensor depending on the modulated parameter. Depending on the 
measurand’s application of the optical fibre sensor, it can be categorized in physical 
sensor (temperature, strain), biomedical sensor (flow of organic contents), chemical 
sensor (pH content, gas analysis, spectroscopic study) [87]. 
 
Figure 18. Types of optical fibre sensors. 
Optical fibre sensors can be categorized according to their measurement points. 
Figure 18  shows the most common categories which are the point sensors, distributed 
sensors, long base sensors, and multiplex sensors distributed sensors. At the point 
sensors, at which this thesis is focused on, a single measurement point at the end of the 
optical fibre is the sensing element. Multiplexed sensors can measure along numerous 
points using a only one optical fibre and distributed sensors can sense at any point on 
the same optical fibre, on a length scale up to kilometres [88]. For this thesis 
experiments, they have been extensively used Fabry-Pérot point sensors which have a 
single measurement point at the end of the fibre.  
Optical fibre sensors are separated in two categories, shown in Figure 19, 
depending on the use of optical fibre itself. Fibre optic sensors which use the optical 
fibre as a transmitting medium of sensor’s signal are called extrinsic sensors (Figure 
19(A)). In specific, the optical fibre is used as information transporter leading up to a 
sensing device, which operates as a sensor, and the optical fibre waveguides the light 
beam that propagates to a distant receiver. In the sensing device are placed mechanisms 
such as mirrors, a gas cell or a cantilevered arm that can control or transform a light 
beam [87]. 
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Figure 19. Extrinsic (A) and intrinsic (B) optical fibre sensor configurations for gas detection 
[89]. 
On the other hand, when the optical fibre itself is the sensing element of the 
sensor, then these sensors are called intrinsic (Figure 19(B)). In intrinsic sensing, the 
environmental perturbation is converted to a light signal modulation which travels 
through the optical fibre. This light modulation depends on the optical properties of the 
optical fibre and it can be as phase, intensity, or polarization. Special design of the 
optical fibre sensor with respect to the nature of the environmental measurands, is 
acquired. Hence, only the desired environmental effect is will be sensed [87]. 
 
2.3.1 Temperature Sensing with Optical Fibre Sensors (OFS) 
Despite the various sensing abilities of Fabry-Pérot sensors, in this work is being 
examined the temperature sensing in harsh environments. Temperature measurement is 
characteristically useful for long-term health assessments of civil structures, 
geostructures, and aerospace structures [88, 90, 91]. Numerous different optical fibre 
sensor techniques have been demonstrated for temperature measurement, such as fibre 
Bragg grating (FBG) sensors [92], Rayleigh, Brillouin or Raman scattering based 
sensors [93, 94], and intrinsic or extrinsic Fabry-Pérot (F-P) fibre-optic sensors [31, 82, 
86, 95-98]. 
Fibre optic temperature sensors are proved to be more advantageous than 
electrical based temperature sensors such as thermocouples, thermistors, as they proved 
to be immune to electromagnetic interference and suitable for remote controlling as the 
sensor head is located far away from the signal processing electronics [97, 98]. 
Temperature measurement is a well-established field of research with great interest in 
temperature sensing in ranges starting from a few degrees up to thousands degrees of 
Celsius (°C) [96].  
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In a recent publications, such as [29], is referred a fibre-optic temperature sensor 
made by sapphire fibre which was tested up to 1600°C and being perfectly reproducible. 
The turn of interesting to single crystal optical fibres, like sapphire fibre, was caused by 
fused silica fibre’s mechanical strength degradation and germanium dopant’s diffusion 
at temperatures above 1000°C [70, 83]. 
2.3.2 Interferometer Theory of Fabry-Pérot OFS 
In 1897, two physicists Alfred Pérot and Charles Fabry published an article which 
was describing their noteworthy invention, the Fabry-Pérot interferometer (F-PI) [85]. 
Fabry-Pérot (F-P) interferometric sensors are characterized by precision, simplicity, 
versatility, high responsivity, and immunity to ambient noise. The usual fabrication 
method of Fabry-Pérot type sensors is by using air to glass reflectors, inscribed Bragg 
gratings into the fibre, or through semi reflective splices. Interferometry is most 
commonly used for sensing on the optical fibres such as Mach-Zender and Sagnac 
sensors [99]. However, as it was abovementioned, this work is particularly focused in 
Fabry-Pérot interferometers (F-PIs) which became a versatile tool for monitoring 
various biological, physical, and chemical parameters due to their compact size and 
simple design as well as they proved to be highly sensitive [100].  
In-fibre air-cavity-based F-P sensors have been used to make sensors insensitive 
to temperature for monitoring refractive index (RI) [18, 101, 102], liquid level [18, 
103], strain [92, 104] and hydrogen exposure [105]. However, there are many 
difficulties in fabrication, due to the time consumable splicing and cleaving processes 
that have limited their commercial growth.  
Fabry–Pérot optical fibre interferometers exhibit extreme sensitivity to ambient 
variations that can disturb the optical path length between the two mirrors. The sensing 
region can be very small comparable to a point transducer in some applications. 
Compared to other optical fibre sensor interferometers (Mach–Zehnder, Michelson, and 
Sagnac), the Fabry–Pérot does not consist of couplers which can complicate the 
deployment of the sensor and the interpretation of data. The in-fibre Fabry-Pérot sensor 
can be ideal for many smart structures sensing applications, even for those applications 
which need the sensor embedded in a composite or metal material [35, 82, 106]. 
27 
 
 
Figure 20. Schematic representation of an in-fibre Fabry–Pérot sensor. The input and output 
spectrum is presented. In addition, the mirrors M1 and M2 which create the sinusoidal signal 
are also displayed. 
The reflectance of each interface is given by Equation 12: 
𝑅1 = (
𝑛1 − 𝑛3
𝑛1 + 𝑛3
)2, 𝑅2 = (
𝑛1 − 𝑛2
𝑛1 + 𝑛2
)2 Equation 12 
where n1, n2 and n3 are the refractive indices of core fused silica, air, and chromium 
layer, respectively. When the cavity length changes, a phase shift is produced which 
causes an intensity change of the reflected (or transmitted) optical power at any given 
wavelength. Both the chromium metallic layer and fibre’s end partially reflect the 
launched light. Consequently, a reflected sinusoidal spectrum (Figure 20) of the in-fibre 
F-P cavity is recorded and depended on cavity’s optical path length. A characteristic of 
the sinusoidal interferogram is its fringe visibility given by Equation 13.  
𝑉 =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
 Equation 13 
Fringe visibility depends on sensor’s manufacturing, such as thickness of the 
chromium layer during sputtering, the perpendicular angle of the cleaved end-face and 
the coupling loss, of the recoupling light from the second mirror into the core, due to 
misalignment between the spliced fibres. In general, from a high fringe visibility a 
larger signal-to-noise-ratio (SNR) and better measurement accuracy is obtained [107].  
The interference can be approximately explained as two-beam interference. For 
higher accuracy measurements, the two-beam interference technique includes errors 
such as fringe asymmetry of the cosine transfer function arising from optical losses due 
to intrinsic absorption or scattering at the internal thin chromium mirror. The phase 
recovery of in-fibre Fabry–Pérot sensor proved to be dependent on these systematic 
errors. Accurate non-linear least square fitting demodulation analysis can significantly 
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reduce these errors  [108]. The reflectance’s expression for a lossless Fabry-Pérot cavity 
is presented in Equation 14. 
In Equation 14 the parameter R1 signifies thin metallic layer’s (M1) reflectance, 
R2 signifies fibre end’s (M2) reflectance and φ is the round-trip propagation phase shift 
in the F-P cavity. Both M1 and M2 mirrors are presented in Figure 20. 
The output interference spectrum given by Equation 14  shows maximum and 
minimum values at different wavelengths. Equation 15 calculates the wavelengths at 
which interference maxima or minima occur, at which λmin is the wavelength where 
RFP(λmin) is minimum and m is the m
th
-order interference fringe. A change at the 
temperature environment will cause a change at both optical fibre’s cavity length and 
refractive index, and can be distinguished by a shift of λmin. 
Both phase value φ and optical phase shift value Δφ, are presented with respect to 
temperature by Equation 16 and Equation 17, respectively [109]. The optical cavity 
length is related to temperature change and light’s wavelength (L∝ T ∝ 1/𝜆).  
Concerning Equation 16 and Equation 17, it has to be noticed that n is the core 
refractive index of the cavity fibre, L is the cavity length, 
𝑑𝑛
𝑑𝑇
  is the thermo-optic 
coefficient with typical value for fused silica glass 8.6*10
-6
K
-1
 and 
𝑑𝐿
𝑑𝑇
 is the thermal 
expansion coefficient with typical value for fused silica glass 0.55*10
-6
K
-1
 of silica 
fibre, respectively [109]. In Equation 17, the factor 
4𝜋𝑛𝐿
𝜆
[
1
𝑛
𝑑𝑛
𝑑𝑇
+
1
𝐿
𝑑𝐿
𝑑𝑇
] represents the 
sensitivity of the sensor. The output intensity of light that is launched in the fibre is 
given by Equation 18 which is quoted below 
𝑅𝐹𝑃(𝜆) =
𝑃𝑟
𝑃𝑖
=
𝑅1 + 𝑅2 + 2√𝑅1𝑅2 cos 𝜑
1 + 𝑅1𝑅2 + 2√𝑅1𝑅2 cos 𝜑
 Equation 14 
4𝜋𝑛𝐿
𝜆𝑚𝑖𝑛
= 2𝑚𝜋 → 𝜆𝑚𝑖𝑛 =
2𝑛𝐿
𝑚
 Equation 15 
𝜑 =
4𝜋𝑛𝐿
𝜆
 Equation 16 
𝛥𝜑 =
4𝜋𝑛𝐿
𝜆
[
1
𝑛
𝑑𝑛
𝑑𝑇
+
1
𝐿
𝑑𝐿
𝑑𝑇
] 𝛥𝛵 Equation 17 
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In the latter equation, I1 and I2 represent the intensities of the two interfering 
beams, neff is the effective refractive index of the guided mode in the fibre (a typical 
value is 1.444 for pure silica at 1550nm), and λ is the free-space optical wavelength.  
 
Figure 21. Schematic representation of Fabry-Pérot sensor functionality. On the right side of 
the graph it can be seen the optical path change (OPD) due to temperature increase. This 
change leads to a wavelength shift and periodicity change at the sinusoidal signal. The 
destructive and constructive interference is also displayed with a red vertical line. On the left, 
the laser light source input and the sinusoidal signal output are both presented.  
Figure 21 shows the input intensity of the launched signal traveling along the 
fibre and being partially reflected by the first and second mirror, creating a sinusoidal 
signal through constructive and destructive interference. Increasing the temperature by 
ΔΤ at the surrounded environment of the sensor, is caused a change at both physical 
length and optical path length of the sensor. The parameter that suffers by the maximum 
change is the optical length, rather than the physical length, because of the higher value 
of the thermo-optic coefficient over the thermal-expansion coefficient. The difference 
between two paths in the optical fibre is called the optical path difference (OPD). 
Optical path length determines the phase of the light and rules the interference and 
diffraction of light as it propagates.  
I = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2 cos(
4𝜋𝑛𝑒𝑓𝑓𝐿
𝜆
) Equation 18 
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Figure 22. Phase shift and change of periodicity for low (red line data) and high (blue line 
data) temperature changes. It can be seen the phase shift for each wavelength peak/valley is 
not constant, due to periodicity change. 
The increase of the environmental temperature of the sensor causes two most 
important changes which are a change at the periodicity of the fringes and a phase shift. 
Data analysis routine can record each peak/valley wavelength value of the sinusoidal 
spectrum. Figure 22 demonstrates the effect of temperature increase to Fabry-Pérot 
sensor’s spectrum. The rise of the environmental temperature increases the optical 
length. Hence, the periodicity of the spectrum tends to spread while the phase shifts to 
lower wavelengths. Also, when the temperature decreases the optical length shortens, 
the periodicity starts decreasing and the phase shifts to higher wavelengths. Figure 23 
depicts the spectra of a 70μm Fabry-Pérot sensor at room temperature and at 300°C. 
Both spectra emanate from the theoretical calculation model built on LabVIEW 
software. The temperature change caused a shift of approximately 4nm in wavelength 
and 1.755 radians in phase. 
31 
 
 
Figure 23. Spectra comparison of a 70μm Fabry-Pérot sensor at two different temperatures. 
The black data correspond to 25°C and the red data to 300°C. The shift of the spectrum due 
to temperature change is also indicated. 
 
2.3.3 Interrogation Data Analysis Routine on LabVIEW Software 
 The data monitoring and extraction of the sensor temperature contains many 
stages of data manipulation. Figure 24 and Figure 25 demonstrate schematically the 
complete LabVIEW code for each step. During data analysis routine (Figure 24) an 
equal stepped spectrum in the wavelength domain is converted to an interpolated, equal 
stepped spectrum in the optical frequency domain. This is essential for an FFT 
transform. 
 
Figure 24. Transition from wavelength domain to frequency domain including data 
resampling, interpolation, and spectrum intensity averaging. 
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The original data are recorded in the wavelength domain with a 5pm wavelength 
interval. After their conversion to the frequency domain, the frequency interval between 
each data point is not uniformly spaced, due to the inverse proportional dependency 
between the wavelength and the frequency. Consequently, it’s necessary to resample the 
signal with an appropriate sampling rate in order to reconstruct the interferogram in the 
frequency domain.  
In more details, 16000 data points are distributed in a wavelength span of 80nm, 
from 1510nm to 1590nm with a sampling spacing of 5pm. After conversion from 
wavelength domain, the frequency domain spectrum will start from 188.548THz up to 
199.548THz. The frequency span is 10THz in which are distributed not equally spaced 
16000 data points. Reducing the sampling spacing, the error made by the spectrum’s 
transition to frequency domain will be reduced and thus the original spectrum is well 
reconstructed. The data interpolation of the spectrum at the frequency domain is used to 
add necessary data points to extract the single tone with an improved accuracy. 
Interpolating with 80000 data points, the sampling spacing has been reduced by 5 times 
increasing the reconstruction accuracy of the sinusoidal spectrum. More than 80000 data 
points can be added during interpolation, but the memory space of the computer runs 
out above 160000 data points and limits the interpolation process. “Cubic spline” 
interpolation proved to minimize the interpolation error, and the associated interpolation 
error shows insignificant impact on the final output [110]. At this point the spectrum has 
been resampled and interpolated with 80000 data points which are distributed equally 
spaced in frequency domain for FFT single tone extraction.  
Hence, the transpose from wavelength to frequency domain will retain the 
equally spacing between the data points through data resampling and interpolation. 
Nyquist frequency defines the maximum detectable frequency. To recover all Fourier 
components from the sinusoid signal, it is essential the sampling rate to be at least twice 
the highest waveform frequency. The highest frequency that can be coded at a specified 
sampling rate and can fully reconstruct the signal is called Nyquist frequency [111]. The 
lack of this condition’s implementation will end up to aliasing, where an uneven 
sampling of data will detect low frequencies as well.  
33 
 
 
Figure 25. Single tone extraction and fitted sinusoidal reconstruction based on amplitude, 
phase, and frequency. At the bottom left of the graph, both fitting signal and data signal are 
co-plotted from which the goodness of fit (R
2
) can be estimated. 
Figure 25 demonstrates the data sequence after their conversion to frequency 
domain. The sequence consists of a FFT analysis to the frequency domain spectrum 
which determines the fundamental frequency of the optical periodicity. Additionally, the 
phase and the amplitude of the spectrum are extracted. From the extracted values of 
phase, amplitude, and frequency a non-linear least square fitting of a sinusoidal function 
is applied to the data of the spectrum. Consequently, the goodness of the fitting (R
2
) can 
be estimated. Figure 26 presents the LabVIEW code from which the change of the 
periodicity calculates the Fabry-Pérot cavity length.  
 
Figure 26. Cavity length determination through periodicity. 
The wavelength shift of each peak/valley offers information on the temperature 
change of the environment. Its advantage is that intensity variations by the optical 
source instabilities cannot affect the wavelength peak detection. Additionally, 
wavelength detection doesn’t need complicated mathematical demodulation analysis. 
However, due to the change at the periodicity of the spectrum, each peak/valley will 
have a different wavelength shift. Also, the actual peak/valley position of an interfered 
signal into the fundamental one, will diverge form the real peak/valley wavelength 
adding an error to wavelength detection. A FFT interrogation algorithm can eliminate 
the above-mentioned problems, improving the demodulation accuracy significantly. A 
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convoluted signal consisted of two or more sinusoidal signals can easily be 
demodulated with a FFT algorithm (Figure 27). The algorithm will extract the 
fundamental frequencies of the signals that construct the convoluted signal. Also, the 
application of a FFT on the sinusoid signal exploits the 16000 data points of the 
spectrum in total, while at the same time there is no signal distortion due to the 
spectrum fluctuation. The accuracy of the calculated FFT frequency peak can be 
enhanced by increasing the FFT sampling number [112].  
 
 
Figure 27.  Fundamental frequency detection after FFT is applied to multiple or convoluted 
signals. 
 Wide temperature range and variable starting phase of the sensors is detected 
because of the high sensitivity, leading to phase ambiguity. More specifically, several 
phase values represent two or more different temperature values. For example, a Fabry-
Pérot sensor with a 60μm cavity has phase value of 0.54radians at 50°C, where the same 
phase value corresponds to 974°C as well. The phase must be unwrapped in order to 
distinguish the exact phase value for each temperature in a temperature range up to 
1000°C. Counting on only the phase shift, the information for the correspondent 
temperature is inadequate. Including the unique optical periodicity (frequency 
extraction) of the spectrum, combined with the phase shift, at each temperature the 
accurate temperature extraction can be achieved. For longer cavities the same phase 
values can represent three temperature where a phase value of 0.51radians, for a 150μm 
cavity length, corresponds to 40°C, 467°C and 820°C. The optical periodicity of the 
sensor signal is unique for each temperature value and can be used to eliminate the 2π 
phase uncertainty. Hence, a combination function of periodicity and phase is used for an 
unambiguous temperature determination. 
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Figure 28.  LabVIEW front panel for real-time interrogation of a Fabry-Pérot optical fibre 
sensor. 
In addition, in Figure 28 the LabVIEW interrogation software front panel for 
real-time interrogation is presented. At the top of the panel, both wavelength domain 
sinusoidal signal (right side) and the single tone frequency display (left side) are clearly 
shown. At the centre of the panel, cavity length (μm), the valley wavelength of the 
sinusoid and the independent thermocouple temperature recording are displayed. 
Several adjustable parameters are added at the interface for practical view of useful 
information, as well. Spectra’s fundamental frequency and phase shift of the sinusoidal 
fitting are extracted from data at real time. Due to the temperature variation of the 
furnace, a thermocouple is used for an independent temperature monitoring from the 
sensors. 
2.4 Experimental Setup 
Figure 29 portrays the experimental setup that was used for conducting the phase 
stability experiments. The experiment setup consists of a high temperature furnace 
(Nabertherm RD 30/200/11), a type-N thermocouple, a high precision thermometer 
(PREMA Precision Thermometer 3040), a Micron Optics interrogation system, a 
LabVIEW software installed to our computer and finally a Fabry-Pérot (F-P) optical 
fibre sensor sitting in the furnace.  
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Figure 29. Experimental setup for thermal response investigation of the F-P sensors. The 
LabVIEW PC which is connected to the thermometer and the interrogation system is 
presented. In addition, the furnace with the optical fibre Fabry-Pérot (F-P) sensor and the 
thermocouple sitting in it are also displayed. 
Figure 30 shows four optical fibre Fabry-Pérot (F-P) sensors placed in small 
fused silica tubes, with a thermocouple sitting between them. This setup is ready for 
introduction in the furnace for stability tests. The sensors are connected, to the 
interrogation system which launches light from a swept laser source (1510nm-1590nm, 
sm125 Micron Optics). A LabVIEW software routine, installed on a Lab PC, collects 
the data, and analyses them. The thermocouple sits in the same longitudinal position 
with the sensors at a ~2mm transverse distance from the sensors’ tip. The thermocouple 
is connected to a high precision thermometer (PREMA Precision Thermometer 3040) 
which consequently records the temperature of the furnace’s environment, 
independently from the sensors, through LabVIEW software. In that way, it will record 
the environmental temperature at which the sensors are subjected to. 
 
Figure 30. Experimental setup of four intrinsic Fabry-Pérot optical fibre sensors placed in 
fused silica tubes. A type N thermocouple sits at the centre. The setup is ready for 
introduction in furnace for long-term stability tests. 
The thermometer, is connected to a resistance temperature detector (RTD). The 
RTD monitors the room temperature from which the thermometer uses as a cold 
junction and calculates the differential temperature. A resistance temperature 
thermometer (RTD) can measure temperature very accurately and effectively. An 
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accuracy better than 0.01°C can be achieved with a Pt100 RTD can, between 
temperature values of -200°C and 580°C. The metallic elements of a RTD are 
characterized from a specific resistance, which is proportionally related to a temperature 
change. A change at the temperature environment causes a resistance variation the 
metallic elements. Moreover, this resistance change creates a small current, which 
passing across the metallic elements generates a small voltage [113].  
2.5 Thermocouples (TCs) 
Thermocouples are simple designed devices which, the most advanced of them, 
can measure temperatures up to 2320°C [114]. Some of their characteristics which make 
them preferable are that they there is a large variety of inexpensive and durable 
thermocouples for temperature measuring up to 1400°C. Thermocouples (TCs) consist 
of two different metals and can sense temperature changes in a variety of processes 
[115].  
 
Figure 31. Thermocouple circuit type-K thermocouple including all three block temperatures. 
The block temperatures are the sensed, the reference and metered temperature[116]. 
Figure 31 portrays a thermocouple which is formed by two wires of different 
electrically-conductive materials. A junction is created from the welding of these 
dissimilar metallic wires, playing the role of the sensing element [117]. When the 
thermocouple’s junction experiences a change in temperature, a voltage is created 
(Seebeck voltage). This voltage can then be interpreted in temperature based on 
reference tables of each type of thermocouple. Nevertheless, a reference junction is 
necessary to make an absolute temperature measurements as thermocouples can indicate 
temperature difference between junctions [115, 117, 118]. 
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2.5.1 Annealing of Thermocouples - Hysteresis 
To establish stability over a temperature range, thermodynamic equilibrium 
should be maintained in the thermocouples. Annealing eliminates existing non-
equilibrium states such as strains introduced by cold working. Suitable stabilization 
cycles can achieve improvement of the reproducibility, even though a sufficient heat 
treatment is given by the producer [119, 120].  
 
Figure 32. Hysteresis upon heating/cooling of Pt/Pd thermocouples on alumina and mullite 
[121]. 
Hysteresis is a condition where temperature reading appears to have a “memory” 
effect as the thermometer is moved through a sequence of temperatures. For metal based 
thermocouples, hysteresis exhibits a main problem which is the temperature indication 
during heating is different from the indication during cooling (Figure 32). Literature 
review suggests that the hysteresis effects in Type K alloys occur at temperatures 
between 200°C and 600°C and in Type N alloys this effect occurs at a temperature 
range of 200°C to 1000°C [120]. 
 
2.5.2 Type-K and Type-N Thermocouples 
Type-K thermocouples are considered one of the most preferable thermocouples 
to use at temperature measuring for basic laboratory work. In the beginning of our 
experiments we used a type K thermocouple. Type K thermocouples are recommended 
for use in an oxidizing (should be used a protection tube) or completely inert 
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atmosphere for temperatures starting from -200°C up to 1300°C [122, 123]. Type K 
thermocouples are suitable for use without rapid aging up to 1260°C, in a non-oxidizing 
atmosphere. In oxidizing high temperature environments, the chromium wire starts to 
corrode and becomes magnetic, especially between 800°C - 1050°C, causing a 
permanent degradation of the thermocouple and the outcome is a very low reading of 
the thermocouple when the corroded region is exposed to thermal gradient. Hence, type 
K thermocouple experiences a cumulative drift after a period at temperatures above 
900°C. The type K thermocouple's inherent composition allows for internal oxidation as 
well as external oxidation. This internal oxidation will eventually cause the 
thermocouple to decalibrate [124]. 
 
Figure 33. Accuracy of N type thermocouple up to 1200 Celsius degrees. Each accuracy data 
point represents the ±°C at a given temperature. This figure was created from the accuracy 
datasheet of a type N thermocouple[115]. 
The N-type thermocouple is slightly more expensive and it has better repeatability 
between 300°C to 500°C compared to the type K. In addition, it consists by Nicrosil and 
Nisil alloys, which show significantly improved thermoelectric stability compared to 
other standard base-metal thermocouple alloys. The composition of its alloys give at 
type N thermocouples the ability to practically eliminate or essentially reduce the causes 
of thermoelectric instability [125]. The type N thermocouple can be functional at a 
maximum continuous operating temperature of 1260°C [115], and can resist better to 
oxidation at high temperatures rather than type K. 
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2.6 Summary of Chapter 2 
In this chapter the background of optical fibres and intrinsic Fabry-Pérot optical 
fibre sensors was presented. A brief description of their functionality principles and 
material optical properties was also demonstrated. Fabry-Pérot optical fibre sensor’s 
sinusoidal signal is created by the constructive and destructive interference signals 
reflected by two reflective mirrors separated by a distance (L). A change in the 
environmental temperature where the Fabry-Pérot sensor is placed can be detected by 
the change in the sinusoidal spectrum. The interrogation data analysis, using LabVIEW 
software, for data interpretation was described in this chapter. Using a data analysis 
routine, the phase and the fundamental frequency of the sinusoidal spectrum are 
extracted. The combination of phase and frequency correspond to a specific temperature 
at the surrounding of the sensor. The phase of Fabry-Pérot signal is correlated with the 
refractive index of the travelling mode in the optical fibre. A change on the surrounding 
temperature has an impact on the refractive index of the core, on which the signal is 
waveguided. Hence, a temperature change will alter the core refractive index and 
consequently the phase of the sinusoidal signal. 
 The low thermo-optic and thermal expansion coefficients of optical fibre’s 
material (fused silica-SiO2) make optical fibres suitable for high temperature sensors. In 
addition, the high temperature annealing, softening, and melting point of fused silica 
(>1100°C) make them suitable candidates for temperature sensing up to 1100°C. High 
temperature optical fibre sensors are the main interest of this thesis, so temperature’s 
impact on optical fibre’s material has been reviewed. According to literature review, 
above that temperature optical fibre starts experiencing non-reversible phenomena such 
as dopant diffusion from core towards cladding or vice versa which affect the optical 
fibre sensor’s performance. Dopant diffusion can occur at temperatures even lower than 
1000°C but in slower diffusion rate. At 1250°C sits the phase transition point of fused 
silica, at which alterations on the density and viscosity of the material can occur 
affecting the performance of Fabry-Pérot sensor. These phenomena should be 
considered for optical fibre temperature sensing above 1100°C, as they proved to put 
limitations on optical fibre sensor’s functionality.  
 
41 
 
Chapter 3: Manufacturing process of Fabry-Pérot sensors  
3.1 Introduction 
This chapter will present step by step the manufacturing process of building an 
intrinsic optical fibre Fabry-Pérot sensor. A short description of the manufacturing 
process of an intrinsic Fabry-Pérot optical fibre sensor is given in the next paragraph. 
Following that, each step of the manufacturing process is detailed in the subsequent 
sections. 
A low finesse intrinsic Fabry-Pérot optical fibre sensor is consisted of two mirrors 
of low reflectivities. One mirror is a thin film of chromium sandwiched between two 
optical fibres which are spliced together, while the second mirror is formed from a bare 
fibre end. A chromium thin film is deposited on the tip of the cleaved fibre by sputter 
coating.  The reflectivity of the mirror as a function of thickness has been controlled and 
measured, during chromium deposition and after splicing, respectively. The second 
mirror’s reflectivity corresponds to a Fresnel reflection of 3.4% (glass/air interface). 
A second, uncoated, cleaved fibre is spliced onto the coated fibre, using a filament 
fusion splicing system. The spiced fibre is then cleaved with the high precision cleaving 
tool at a distance between 50 μm – 100 μm with the Fabry-Pérot optical cavity then 
formed between the chromium layer and the bare fibre end. The waveguiding fibre that 
was used for all the sensors was a SMF28 ultra optical fibre, while the sensing element 
fibre of each type of Fabry-Pérot sensor is presented in Table 2.  
Table 2. Types of Fabry-Pérot optical fibre sensors that were manufactured during this 
project. 
Fabry-Pérot 
sensor’s type 
Ge-doped F-doped Pure SiO2 Ge-doped (Stepped) 
SMF28 ultra 
(9/125) – Cr – 
… 
SMF28 Ultra 
(9/125) 
F-SM1500SC 
(9/125) 
PCF ESM-12B 
(9/125) 
SM1500 (7.8/80) –
SM1500 (4.2/50) – Cr 
–SM1500 (4.2/50) 
3.2 Cleaving 
The purpose of the fibre cleaving is to obtain a flat plane surface of on the edge of 
the fibre without residual debris on its tip and most importantly avoiding any angle cut. 
A perfect flat cleave will give a good alignment at the splicing procedure omitting 
splicing faults. An optical fibre stripper (ST-500) has been used to remove the plastic 
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jacket and the buffer coating from the optical fibre. After removing the buffer coating 
from the fibre, isopropanol is used to clean the fibre, removing any residual debris and 
dust from its cladding. Then the stripped and cleaned optical fibre is placed to the fibre 
cleaver obtaining a cleaved edge. The accuracy of the angle at the cleaved end is less 
than 0.5
o
 according to the company’s technical specification data sheet [126].  
A second cleaving tool (FK11 STD, PK Technology Ltd) that has been used for 
accurate cleaving of the optical fibre. The standard FK11 is designed for cleaving 
standard telecom fibres in preparation for fusion splicing and fibre testing and its cleave 
angle repeatability is less than 0.6
o
 angle degrees [127].  Using a microscope, it is 
possible to identify the position of the splice and with the help of a calibrated length the 
fibre was positioned to allow a cleave at a measured distance from the splice, leading to 
a cavity length. Thus, a camera connected to a microscope was used to control the 
position at which a desirable cleaving of the fibre with an accuracy of ±5μm was 
achieved. The aim is to cleave at a specific position on the optical fibre, as this final 
cleave will define the cavity length of our sensor.  
3.3 Coating of Fibre Tip 
Fibres tip coating was achieved by RF sputtering in a coating chamber. The 
coating chamber is capable of sputtering samples with various metals. Using sputtering, 
glass materials can be thin film metallised. In short, RF sputtering is a non-thermal 
vaporization process, with which surface atoms of a chosen material are ejected onto the 
sample for coating. These atoms are physically ejected from the target by momentum 
transfer, typically by gaseous-ions accelerated from a plasma [128, 129].  
A bundle of cleaved fibres was placed 20 mm above the sputtering target inside a 
vacuum chamber. The metal of choice for coating the fibre tips is chromium. Chromium 
is used because of its high melting temperature of around 1900°C which guarantees 
survival of the thin coating during the fibre fusion splicing process. The metals of 
interest are restricted due to the high temperature sensing applications [130]. 
3.3.1 Chromium Thickness – Thin Mirror Reflectivity  
A series of experiments were conducted to estimate the chromium thickness and 
reflectivity of a Fabry-Pérot sensor after its integration. The reflectivity experiments 
were carried out during each sensor’s fabrication. A variety of chromium reflectivities 
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were achieved by stopping the sputtering process at different time periods. A theoretical 
analysis of chromium reflectivity was conducted to estimate the experimental chromium 
thickness of each manufactured optical fibre Fabry-Pérot sensor. Due to the lack of 
accurate experimental measurement of the chromium thickness it was used a theoretical 
model (Essential McLeod software) which calculates chromium thickness (nm) on a 
medium through chromium reflectance (%) values. The experimental reflectance during 
chromium deposition on the optical fibre has been measured (EXFO IQS-500 detector) 
and correlated with the theoretical reflectance from the theoretical model (Essential 
McLeod software), providing a rough estimation of the chromium thickness (nm) which 
is sandwiched between two spliced optical fibres and form the Fabry-Pérot sensor. The 
reflectivity between two media was analysed in Chapter 2 and it depends on their 
refractive indices. 
3.3.1.1 Theoretical analysis of thin mirror reflectivity 
The Essential McLeod software [131] was used for theoretical simulations, in 
order to investigate how the chromium deposition will affect the reflectivity of our 
sensor. Figure 34 and Figure 35 depict the reflectance and transmittance respectively, 
of fibre’s end with respect to chromium layer’s thickness. Both the reflectance and 
transmittance versus thickness were calculated, for two formations which are fibre-Cr-
air and fibre-Cr-fibre. On these theoretical calculations, it is estimated the final 
chromium thickness of the Fabry-Pérot sensors, as it was difficult to measure their 
accurate value due to their nanometre size. 
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Figure 34. Theoretical analysis of reflectance vs chromium thickness of the deposited thin 
film on the tip of the fibre (fibre-Cr-airblack data and fibre-Cr-fibrered data). 
As it can be seen, for fibre-Cr-air formation the reflection starts from 3.4% 
corresponding to Fresnel reflection. At the beginning of the chromium thickness 
deposition the reflectance shows a slight down curve up to ~2 nm chromium layer. This 
is caused due to scattering of the waveguiding light after the first chromium particles 
start to be deposited on the tip of the fibre. After 2nm thickness the reflectance follows a 
linear behaviour. 
 
Figure 35. Theoretical analysis of transmittance vs chromium thickness of the deposited thin 
film on fibre’s tip (fibre-Cr-airblack data and fibre-Cr-fibrered data). 
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The same scattering effect is obvious in Figure 35 as well, as the transmittance of 
the fibre-Cr-air formation starts from 96.6%. On the other hand, the fibre-Cr-fibre 
formation has a nonlinear behaviour from the beginning and throughout the chromium 
deposition starting from 0% reflectance and 100% transmittance. The red dotted lines in 
Figure 34 show the correspondent chromium thicknesses for the reflectance values that 
have been measured before and after splicing. 
 
3.3.1.2 Experimental analysis of thin mirror reflectivity 
The reflectivity of each fibre’s end face was measured experimentally during the 
chromium deposition procedure. The reflectivity of the fibre end face was measured by 
using a tuneable laser source, a 50 by 50 coupler and an EXFO IQS-500 detector. A 
reference fibre was positioned in a bundle of cleaved fibres in the coating chamber for 
chromium thin layer deposition. The reference fibre was connected to the EXFO 
interrogation system which recorded the back reflected power from the fibre’s tip. By 
bending the reference fibre, the offset (μW) of the back reflected power signal, can be 
detected and subtracted from the measured values. The loop stops the launched light in 
the optical fibre, hence the detected power represents the offset that should be 
considered during the back reflected power measurements. The received power to the 
detector corresponds to the Fresnel reflection which has a typical value of 3.4%. Hence, 
the reflectance of the chromium layer in accordance with its thickness can be calculated 
from the power in μW. 
Figure 34 and Figure 35 show the relationship between reflectance, and 
transmittance respectively, with respect to chromium thickness based on the theoretical 
modelling (Essential McLeod software). Both graphs present data for two model 
formations which are fibre-Cr-air and fibre-Cr-fibre, shown by black and red colour, 
respectively. Figure 36 shows the relationship of the experimentally measured 
reflectance versus time emanating during chromium deposition for a fibre-Cr-air 
formation. Figure 34 and Figure 36 can be directly correlated as both show the 
reflectance behaviour for theoretical and experimental analysis while chromium is 
deposited on the tip of the optical fibre.  
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Figure 36. Experimental data of power (μW-left black axis) and reflectance (%-right blue 
axis) versus time (sec) of fibre-Cr-air formation during chromium deposition on the tip of a 
fibre. 
Figure 36 presents the experimental data of the reflected power of fibre’s cleaved 
end during coating process with respect to the coating’s time. By subtracting the power 
offset from the reflected power, which is 7 μW, the value of Fresnel reflection power 
can be calculated. According to red dotted line of Figure 34, mirror’s reflectance can be 
determined and consequently its thickness which is estimated roughly 9.7 nm. These 
data correspond to a series of sensors that was made with 8% reflectance for fibre-Cr-air 
formation. Nevertheless, this reflectance does not correspond to the final reflectance of 
our sensor, as after the chromium deposition another piece of SMF28 fibre is spliced on 
it to complete the final sensor. Figure 37 exhibits the experimentally measured 
reflectance (%) of fibre-Cr-fibre formation. The step change in the middle of the graph 
is after making a loop in the fibre to extract the noise power offset from the measured 
reflected power. The power value after splice is 3µW, which corresponds to an 
experimental value of 1.6% reflectance (Figure 37) and a theoretical estimation of 2.5 
nm (Figure 34) chromium thickness of the integrated Fabry-Pérot sensor. This 
chromium thickness is the final remaining thickness after splicing, for the same optical 
fibre sensor of 8% reflection fibre-Cr-air formation.  
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Figure 37. Experimental data of power (μW-left black axis) and reflectance (%-right blue 
axis) versus time (sec) of a fibre-Cr-fibre formation after splicing. 
In summary, chromium’s back reflected power (μW) was measured 
experimentally which then was converted to reflectance (%) units. The experimental 
measured reflectance (%) was correlated with the theoretical reflectance (%) calculated 
with respect to chromium’s thickness. Consequently, based on the match of the 
experimental and theoretical reflectance, chromium’s thickness before and after splice 
has been theoretically estimated. Table 3 summarizes the experimental and theoretical 
data of the reflectivity experiment leading to the chromium thickness theoretical 
estimation, as an experimental measurement of chromium’s thickness couldn’t be done. 
It can be seen, that after the splice of another fibre onto the chromium coated one, the 
reflectivity is decreased by roughly by 80%. This is caused by the refractive index 
difference between the air and the optical fibre that was spliced afterwards. Also, the 
chromium thickness is decreased by the high temperature heat generation at the splice 
region by the omega shaped tungsten filament of the Vytran fusion splicer. Despite the 
fact our sensor’s spectrum intensity is decreased by chromium’s thickness decrease, the 
sinusoidal signal remains low finesse. 
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Table 3. Reflectivity and Chromium thickness during and after Fabry-Pérot sensor's 
fabrication. 
Initial 
After 
Chromium 
Coating 
After Splicing McLEOD Theory 
Reflectivity 
(Fresnel) 
Reflectivity 
(fibre-Cr-air) 
Reflectivity 
(fibre-Cr-fibre) 
Coating 
Thickness 
(fibre-Cr-air 
formation) 
Coating Thickness 
(fibre-Cr-fibre 
formation) 
3.4% 8% 1.6% 9.2 nm 2.5 nm 
3.4 Splicing 
After the chromium deposition, both the coated and uncoated fibres were cleaned 
in an ultrasonic bath before splicing. Alignment of both fibres is achieved, with a 
Vytran FFS-2000 fusion splicing workstation by placing them on the fibre holder jigs. 
While both cores of the fibre are aligned, suitable parameters (Table 4) for optimized 
splicing the coated fibre is spliced to another uncoated fibre are chosen. 
Table 4. Splice powers for splicing fibres with various diameters. 
Fibre diameter (μm) Splice power (W) 
125 – 125 20 
125 – 80 19 
80 – 50 15.5 
50 –50 13.5 
125 – 125 (PCF fibre) 18.5 
The splice parameters were adjusted to obtain splices of a vigorous tensile 
strength. Several different types of Fabry-Pérot sensors were made, by splicing fibres 
with different diameters. According to splicing data records, throughout the integration 
of the sensors, some indicative splicing powers for each type of fibre are given in Table 
4. Theses splice powers parameters are valid for a new tungsten filament. Choosing a 
wrong splice power can lead to faulty splicing between the fibres, causing the failure of 
Fabry-Pérot sensor’s integration. 
3.4.1 Splice Quality and Faulty Splices 
A strong and well aligned splice eliminates signal loss thus maintaining the fringe 
visibility of the interferometric signal. Figure 38 depicts a strong and well aligned 
splice between two SMF28 ultra fibres. The chromium mirror is visible and indicated 
by captions, as well. The red dotted lines represent the loss estimation of the splice 
which in this case is 0.01 db. 
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Figure 38. Screenshot of x-view and y-view alignment after a successful splicing of two 
optical fibres using the Vytran fusion splicing software. The dotted lines show the splice loss 
estimation which is 0.01 db. 
Both the optical and mechanical properties of the reflective splice were found to 
be highly dependent on the quality of the fibre cleaved end, and successful splices 
required precise cleave angles (within 1 of perpendicular to the fibre axis). A small 
misalignment between the fibres during the splicing process can cause a significant loss 
in reflectivity. An example of a faulty splice (bubble phenomenon) which was caused 
by wrong splice power (18W) or a bad cleaved end (more than 1 angle) is presented in 
Figure 39. Despite the good alignment between the cores, its splice loss is estimated to 
0.44 dB according to Vytran software. 
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Figure 39. Screenshot of x-view and y-view alignment after a faulty splicing of two optical 
fibres using the Vytran fusion splicing software. The dotted lines show the splice loss 
estimation which is 0.44dB. 
The result of a faulty splice, similar to the one presented in Figure 39, is obvious 
at the spectrum of a 97μm cavity Fabry-Pérot sensor and is depicted in Figure 40. Its 
fringe visibility is calculated to 0.1. On the other hand, Figure 41 depicts a spectrum of 
a 65μm Fabry-Pérot sensor with a fringe visibility of 1. 
 
Figure 40. Spectrum of a Fabry-Pérot 
sensor with a 97μm cavity length caused by 
a faulty splice. Its fringe visibility is 0.1. 
 
Figure 41. Spectrum of a Fabry-Pérot sensor 
with a 65μm cavity length. Its fringe visibility 
is 1. 
 
3.4.2 Splice Strength Testing 
A series of fibres were coated with different chromium thicknesses by measuring 
the reflected power during coating deposition process. The measured reflectivities of the 
fibres are 6%, 8%, 12%, 15% and 20% which correspond to theoretical chromium 
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thicknesses of 8nm, 9.2 nm, 11.5 nm, 13.2 nm, and 16.2 nm respectively. These 
chromium thicknesses are extracted from Figure 34, for a fibre-Cr-air formation. 
 
Figure 42. Experimental data of splice breaking strength test for various chromium 
reflectivities. Each reflectivity corresponds to a specific value of thickness, calculated by 
McLeod software. 
The spliced fibres, of fibre-Cr-fibre formation, were subjected to strain tests 
evaluating the strength of the splice. Several fibres of the same chromium thickness 
were used obtaining a statistical estimation of the breaking strength. The results can be 
seen at Figure 42. As it can be seen, the strain strength is needed to break the splice 
joint of a 6% reflectivity is approximately 9 Nt, while for 8% reflectivity and above the 
breaking strength varies between 4 Nt and 6 Nt. There was no reason to increase 
sensors’ mirror reflectivity above 8%, as the splice between the fibres becomes weak.  
Hence, considering that a measured reflectivity between 6% and 8%, for a fibre-Cr-air 
formation, gives a strong splice between the fibres, the sensors were built with 
reflectivities varying in this range. 
3.5 Integration of Intrinsic Optical Fibre Fabry-Pérot sensor 
During this project, it was manufactured and tested several Fabry-Pérot optical 
fibre sensors, of different formations and sensing elements. The two formations of 
Fabry-Pérot sensors were accomplished to build is a 125 μm-Cr-125 μm and a 125 μm-
Cr-80 μm-50 μm-Cr-50 μm. Both a Ge-doped core characterizes sensors. However, 
several 125 μm-Cr-125 μm formation sensors were built with different types of sensing 
elements. The characteristic of each type is its different type of dopant, using Ge-doped 
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core, F-doped depressed cladding and pure coreless SiO2 sensing element. In Table 2, is 
presented the formation and the type of sensing element of each sensor. 
3.5.1 Sensor Type 1 formation: 125μm-Cr-125μm  
An illustration of the manufacturing steps of a 125 μm-Cr-125 μm sensor type, is 
presented in Figure 43. Figure 43(a) demonstrates the splicing sequence starting by 
pushing them to positions with a specific gap. The gap should be between 4 μm and 5 
μm. 
 
Figure 43. Manufacturing steps for 125 μm-Cr-125 μm type of a Fabry-Pérot sensor before 
and after splicing. Initially alignment of gap, cladding and cores is achieved. Then the fibres 
are spliced together with the chromium layer sandwiched between them. The cleaving 
position it’s marked with a red vertical. 
The cladding, gap, and core alignment of the two fibres according to their 
cladding diameter is presented at Figure 43. Splicing fibres with the same diameter is 
an easy process as the alignment is executed automatically. The red line in the latter 
photo of Figure 43, indicates the position where the fibre it is going to be cleaved. After 
that, the integration of a 125μm-Cr-125μm type Fabry-Pérot sensor is finished. 
 
Figure 44. Microscope image of 60 μm optical cavity length Ge-doped Fabry-Pérot optical 
fibre sensor. 
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The result, which is presented in Figure 44, is an integrated Ge-doped SMF28-Cr-
SMF28 with a 60 μm optical cavity. The same manufacturing process is executed for 
the integration of an F-doped depressed cladding Fabry-Pérot sensor. The only 
difference is the sensing element replacement by an F-SM1500SC (9/125) optical fibre. 
Both SMF28 ultra and F-SM1500SC fibres share the same characteristics, such a as 
core and cladding diameters.  
3.5.2 Sensor Type 2 formation: 125μm-80μm-50μm-Cr-50μm 
The basic motivation for making these stepped type sensors is their 
encapsulation in fused silica capillaries. After trying to encapsulate a Type 1 sensor, the 
results were not as satisfactory as it was expected, due to the great losses (~40%) that 
took place after splicing a capillary on the sensor using an arc splicer. As it can be seen 
in Figure 45, due to the different fibre diameters this type of sensor needs many 
fabrication steps during it manufacturing, making its integration time consuming and 
complicated. Each manufacturing step is presented in order at Figure 45, and the 
splicing power for each fibre combination is given in Table 4. 
 
Figure 45. Manufacturing steps for 125 μm-80 μm-50 μm-Cr-50 μm type of a Fabry-Pérot 
sensor. For each photo, the core alignment is achieved manually due to the different cladding 
and core diameters of the fibres. Photo (f) depicts the 50μm fibres spliced together with the 
chromium layer sandwiched between them. 
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Following the photos of Figure 45, an alignment and splice between a 125μm 
and 80μm fibres is depicted in Figure 45(a-b), respectively. The 80μm fibre is cleaved 
at an approximate length of 200μm and it is positioned again on splicer’s jig holder to 
be aligned and spliced with a 50μm fibre (Figure 45(c), Figure 45(d)). Finally, the 
125μm-80μm-50μm formation is coated with chromium and is ready to be spliced to a 
50μm fibre, as it can be seen in Figure 45(f). The red vertical line in the latter photo is 
the position at which the 50μm fibre will be cleaved leading to the final integration of 
type 2 sensor. All photos of Figure 45 show the fibres after the core alignment is 
achieved. The core alignment has been done manually due to different cladding and 
core diameter of the fibres. In Figure 46, is depicted the final integration of Type 2 
Fabry-Pérot optical fibre sensor.   
 
Figure 46. Microscope image of 52 μm optical cavity length Ge-doped stepped Fabry-Pérot 
optical fibre sensor [95].  
 
Normally, the stepped Fabry-Pérot optical fibre sensor is inserted in a silica 
capillary. Hence, the cleaved end of the sensor will be protected from possible 
contamination by surrounding powder during embedment in metallic components. A 
contamination would affect the reflectivity of the second mirror and thereby the 
reflected spectrum of the sensor. These encapsulated Fabry-Pérot sensors are made for 
another part of our group’s research project, in order to be used for reliable high 
temperature sensing inside smart metallic components for the power generation 
industry. However, all the sensors that were subjected to long term stability tests at high 
temperatures, were not encapsulated but they were sitting freely in fused silica tubes in 
the furnace. 
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3.5.3 Sensor Type 3 formation: 125μm-Cr-125μm (PCF-ESM12) 
The process of manufacturing a Type 3 pure SiO2 sensor follows the same 
sequence as the previous type of sensors with small differences throughout its 
fabrication. This sensor’s fabrication, presented at Figure 47, was designed with the 
scope to eliminate the dopant from the sensing cavity of the sensor. 
 
Figure 47. Manufacturing steps of an undoped pure SiO2 cavity Fabry-Pérot sensor. At photo 
(b) it can be seen the still intact air holes which haven’t collapsed from the splicing process, 
the pure SiO2 piece and the SMF28 fibre. The green dashed line is the cleaving position from 
which the pure SiO2 piece can be extracted. The red dashed line is the position of the PCF-
SMF28 splice. 
Figure 48 depicts the cross section of the PCF fibre. The reason for choosing this 
type of optical fibre was to collapse the air holes through the splicing process and form 
a short piece of pure SiO2 fibre. This can be seen at Figure 47(b), where the PCF fibre 
is spliced to the SMF28 ultra fibre creating 170 μm length of pure SiO2 piece of fibre. 
The red dashed line indicates the splice point. Both the core of the SMF28 fibre and the 
coreless piece of SiO2 are visibly clear, on the right and left side, respectively.  
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Figure 48. PCF ESM12 cross section showing the air holes which were collapsed during 
splicing with a filament fusion splicer. The outcome is a piece of pure SiO2 piece of fibre from 
which several coreless pure SiO2 FP sensors can be made [132]. 
The PCF-SMF28 formation is cleaved with a high precision cleaver at a position 
(green dashed line) close to the air holes (~20 μm from the splicing joint). The pure 
SiO2 piece is then spliced to a cleaved, chromium coated SMF28 fibre (Figure 47(c)) 
which eventually will form a pure SiO2-Cr-SMF28 sensor. A final cleaving of the pure 
SiO2 region at 60 μm leads to a pure SiO2 intrinsic Fabry-Pérot sensor (pure SiO2-Cr-
SMF28 ultra) with an optical cavity of 60 μm, shown in Figure 49. 
The splice power that was used to splice the SMF28 ultra fibre to the PCF fibre is 
18.5 W (Table 4). The optimal splice intensity at the SMF28-Cr-PCF set-up is crucial, 
as the aim is to fully collapse the PCF’s air holes while in the same time the maximum 
breaking splice strength is achieved. Any deviation from the correct splice power can 
cause partially air hole collapse leaving air holes in the sensing cavity. The result will be 
undesirable interference in the Fabry-Pérot sensor’s sinusoidal spectrum. 
 
Figure 49. Microscope image of 60μm pure SiO2 Fabry-Pérot sensor optical fibre sensor, 
made by a PCF ESM-12B optical fibre. 
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3.6 Conclusions of Chapter 3 
In this chapter, a detailed description of the manufacturing process of several 
integrated intrinsic Fabry-Pérot sensors is presented. These sensors have been used for 
long term stability tests at high temperatures. Different type of sensing elements 
characterizes each type of intrinsic Fabry-Pérot sensor. 
The cleaving, thin film deposition and splicing techniques during the fabrication 
of a sensor were analysed. The limitations and regimes of these techniques were 
highlighted as well, leading to a well-defined optical fibre sensor without losses and 
interferences at its sinusoidal spectrum. A theoretical and experimental analysis of thin 
mirror’s reflectivity was obtained. Measuring the reflected intensity of fibre’s cleaved 
end during the chromium deposition was theoretically quantified the thickness of the 
chromium mirror. In addition, breaking strength experiments were conducted, finding 
the optimum splice strength of the sensor. 
Type 1 corresponds to a 125 μm-Cr-125 μm formation while type 2 to a 125 μm-
80 μm-50 μm-Cr-50 μm formation. The latter type of sensor is referred as stepped 
sensor due to the different fibre diameters that were spliced together.  Its sensing 
element is a 50μm diameter Ge-doped core. For type 1 formation were used two 
different sensing elements which are a SMF28 ultra (Ge-doped core) and an F-
SM1500SC (F-doped depressed cladding) fibres. Finally, a type 3 with a 125 μm-Cr-
125 μm formation sensor was fabricated with an undoped pure SiO2 sensing element 
made of a PCF ESM-12B fibre. Each sensor of the abovementioned were tested in a 
range of high temperatures between 850°C and 1150°C, whose stability response is 
investigated in Chapter 4.  
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Chapter 4: Long-Term Stability Tests at High Temperatures 
  This chapter presents the long-term stability response of each type Fabry-Pérot 
(FP) sensor which has been manufactured. The long-term stability of the Fabry-Pérot 
sensors’ phase response in a temperature range between 850°C and 1100°C, for periods 
of up to 4 months are investigated. Additionally, the use of a high precision 
thermometer (PREMA) for temperature recording, as well as the description of the 
errors that must be considered in the results, will be analysed. A series of experiments 
were conducted to estimate the accuracy of the thermometer under controllable 
temperature fluctuations.  
An experimental and theoretical analysis of sensors with various cavity lengths is 
also presented. Each sensor was subjected to annealing and thermal cycles before the 
beginning and after the end of the long-term phase stability experiments. The term 
annealing cycle is used to refer that the sensor is subjected to temperatures up to 1000°C 
for the first time with a slope rate 3°C/min. The term thermal cycle represents the same 
process, with the same slope rate, after the sensor pre-existed up to temperatures of 
1000°C. A comparison of the phase response versus temperature of the sensors before 
and after the phase stability tests is presented. Through this, an estimation of the 
sensor’s phase response repeatability can be achieved. For each type of sensor that was 
described in Chapter 3 were manufactured several of them, and were tested under the 
same circumstances for repeatability purposes.  
In brief, Fabry-Pérot sensors’ phase stability results, with Ge-doped core of type 1 
and type 2 (see Chapter 3), F-doped depressed cladding and undoped pure SiO2 are 
described in this chapter. Comparing the long-term stability tests of each sensor, it was 
found out that the dopant in the sensing element of each sensor plays an important role 
to its phase stability and robustness, especially for temperatures above 900
o
C. Many 
Fabry-Pérot sensors were fabricated and tested to establish repeatability. 
4.1 High Precision Thermometer (PREMA) Error Analysis under Ambient 
Temperature Variations 
Next pages analyse the use of high precision thermometer (PREMA) at 
temperature recording experiments, as well as the description of the errors that must be 
considered in the results. A series of experiments were conducted to estimate the 
accuracy of the thermometer (PREMA) and find out an optimized setup with the 
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minimum temperature error reading. After two breakdowns of type K thermocouples 
throughout the experiments, we decided to use thermocouples type N for our next 
experiments. The choice of N type thermocouple was based on their effective response 
without breakdowns up to 1300°C, and because they are well protected with a capillary 
from any oxidations of the environment. This conclusion came up due to our strong 
belief that oxidation of the surrounding environment caused the breakdown of type K 
thermocouples, as firstly were not protected and secondly the furnace tube was not 
supplied with noble gas throughout the experiments. 
4.1.1 High Precision Thermometer (PREMA) Stability Tests 
The thermometer has been subjected to controllable temperature variations of its 
surrounding environment with the use of a foam box. The temperatures that were 
measured by thermocouples throughout the phase stability tests are not absolute but 
differential, using a RTD sensor as a cold junction. The RTD sensor is placed in a 
metallic block which records room’s temperature. This experiment took place to 
evaluate the influence of the environmental temperature on the stability of the 
thermometer’s temperature recording. Some possible reasons of overheating are the hot 
seasonal periods throughout a year and busy days where many people either work or 
walking around in the lab. Also, the thermometer was sitting above the furnace while 
the long term high temperature stability tests were conducting. That led to put a thermal 
insulation under the thermometer, avoiding the overheating due to furnace’s high 
temperatures. 
 
Figure 50. Experimental setup of thermometer’s temperature reading stability testing, 
without using a RTD Pt100 sensor as a cold junction calibration. 
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The experimental setup is depicted in Figure 50. The thermometer was subjected 
to controllable temperature variations covering it with a foam box. Approximately after 
an hour the temperature inside the foam box has been increased by 5°C. In the 
meantime, the temperature reading of the thermometer was recorded, with a type K 
thermocouple (TC2) as well as the temperature of the environment (free space) in the 
foam box with a type K thermocouple (TC1). A third type K thermocouple (TC3) has 
been used to record vessel’s water temperature throughout these experiments. After 
submerging TC3 and TC2 in the water, an interval of 30 minutes had to pass until their 
stabilization at 23
o
C, before the start of the experiment. The TC2 thermocouple, 
presupposes that the temperature reading of the Prema thermometer should stay 
unaffected from temperature variations. According to continuous observation of TC3, 
connected to a digital thermometer (OMEGA Thermometer HH801B), water’s 
temperature was stable at 23°C throughout the experiment. It must be considered that 
throughout these experiments the temperature of the thermometer should stay the same. 
4.1.1.1 Thermometer Stability Testing without the Use of a RTD sensor 
The stability behaviour of thermometer’s temperature reading during the heating 
up/cooling down process is examined, without the use of a RTD sensor as a cold 
junction. Figure 51 portrays the heating up process of the thermometer. Red data 
represent the temperature of the environment in the foam box measured by TC1, while 
blue data represent the temperature reading of vessel’s temperature measured by TC2. 
During the heating up process the environmental temperature increased by 5°C, while 
the temperature reading of the thermometer has been decreased by the same temperature 
value. The conclusion is that the temperature reading has been affected by the 
environmental temperature increase. 
61 
 
 
Figure 51. Experimental test of Prema thermometer temperature reading’s stability (blue 
data) during the heating up of the environment temperature (red data) in the foam box. 
In addition, the cooling down process of the environment was recorded, which is 
quoted in Figure 52. The environment temperature decreased rapidly, in less than 2 
minutes. For 38 minutes, the environmental temperature exhibited some modulations 
ending up to 22°C. The variations of thermocouple TC1 were caused by possible 
temperature variations in the lab environment. For instance, my personal presence close 
to the thermometer and thermocouple during this experiment. In the meanwhile, the 
temperature reading of the thermometer didn’t follow the fast drop down of the ambient 
temperature, which showed a slow rate lasted for 40 minutes. 
 
Figure 52. Experimental test of thermometer temperature reading’s stability (blue data) 
during the cooling down of the environment temperature (red data) in the foam box. 
 
62 
 
As it was expected, the ambient temperature change affects the electronics of the 
thermometer. The heating of thermometer’s electronics causes a change at its 
temperature reading, resulting to a temperature drop down when the ambient 
temperature is increased. The opposite happens when ambient temperature is decreased, 
then the temperature reading shows a temperature increase. 
4.1.2 Prema Thermometer Stability Testing Using a RTD sensor 
The thermometer proved to be unstable to environment’s temperature variations. 
In the same way, a RTD Pt100 sensor was introduced to experimental setup, placed in a 
metallic block. The RTD sensor, plays the role of cold junction calibration. Every 10 
seconds the thermometer calibrates its temperature reading, according to the 
temperature of the cold junction (RTD sensor). The temperature of the RTD sensor 
measures the room temperature at a fixed point, and the metallic block ensures its 
robustness.  
4.1.2.1 RTD Sensor Positioned out of The Foam Box 
In this situation, the metallic block with the RTD sensor were placed outside of 
the foam box, heating up the Prema thermometer separately. Only the Prema 
thermometer was heated and the RTD sensor was used as a cold junction calibration at 
room temperature. After connecting the RTD sensor to the thermometer, a temperature 
offset of roughly -3°C was noticed at the thermometer reading. Figure 53 presents 
thermometer’s temperature reading which didn’t stay stable despite the temperature 
increase of its surrounding. On the contrary, it has been decreased by roughly 7°C. 
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Figure 53. Experimental test of thermometer stability (blue data) and the environment 
temperature (red data) while RTD is out of the foam box. Only heating up process is being 
displayed.  
In the case that RTD sensor sits outside the foam box while only the Prema 
thermometer is being heated, its temperature reading is utterly affected even though it is 
calibrated from the cold junction temperature of the RTD sensor. The cold junction 
RTD’s temperature is kept stable throughout this experiment, but the Prema 
thermometer’s electronics are affected and change the temperature indication. 
4.1.2.2 RTD Sensor Heated Separately 
 The purpose of this experiment was to observe the thermometer’s temperature 
reading in case the cold junction would be varying.  Hence, an attempt to discover if a 
temperature variation on RTD sensor would affect the Prema thermometer’s 
temperature reading was made, by placing the metallic block with the RTD sensor on a 
heat source. Afterwards, the metallic block was heated up to 14°C.  
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Figure 54. Experimental test of thermometer stability (blue data) and the environment 
temperature (red data). RTD sensor was placed on a heat source separately from the Prema 
thermometer. Both heating up and cooling down processes are being displayed. 
In Figure 54 is portrayed the temperature reading in accordance with the 
temperature of the metallic block. Apparently, the temperature variations of the metallic 
block directly affect thermometer, and consequently RTD sensor’s variations as well. 
The temperature difference on both measurands seems to match, being roughly ~14°C. 
In general, the temperature behaviours of both devices are identical. After all, this is 
expected as the temperature reading is calibrated every 10 seconds based on the cold 
junction temperature of the RTD sensor. 
 
4.1.2.3 RTD Sensor Positioned in the Foam Box 
Through this experiment, an estimation of the temperature reading stability of the 
thermometer while the cold junction calibration experiences the same temperature 
variations of the environment was made. According to previous experiments, it was 
realised that thermometer’s electronics are affected by the temperature of its 
surrounding. Hence, the temperature of the environment wasn’t increased more than 
5°C, avoiding in this way any permanent damage to thermometer’s electronics.  Figure 
55 portrays the temperature reading of Prema thermometer (blue data), the environment 
temperature in the foam box (red data).  
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Figure 55. Experimental test of thermometer stability (blue data) and the environment 
temperature (red data) while RTD is in the foam box. Both heating up and cooling down 
processes are being displayed. 
The result of this experiment, can be seen in Figure 55, showing that the 
temperature reading has been deviated by 0.5°C. The cold junction calibration of the 
RTD played an important role as it was changing in accordance to the temperature 
increase of the ambient, compensating the temperature reading. During the cooling 
down process, the thermometer’s temperature reading delayed sensing the temperature 
difference of the environment. This is attributed to the fact that the metallic block 
prevents ambient temperature variations, especially if the variations are of small scale. 
When the RTD sensor is under the same circumstances with the thermometer its 
temperature reading is affected by the minimum, in comparison with previous 
experiments. Under those circumstances, the thermometer temperature reading stays 
unaffected when a RTD sensor is connected to it. Furthermore, while a RTD sensor is 
connected to it instabilities at the temperature reading still show up. Especially when 
each of the devices experience separately the temperature fluctuations. However, when 
both devices experience simultaneously environment temperature fluctuations, then the 
impact on the stability of the thermometer is kept to the minimum.  
Concluding, it was proved that an environmental temperature fluctuation can 
affect the electronics of the thermometer, leading to reading errors. This effect can be 
minimized connecting a RTD sensor to the Prema, which functions as a cold junction 
temperature. Summarizing, it was noticed that a random or seasonal temperature 
fluctuation at the environment will interfere at the temperature reading of the Prema 
thermometer, especially when a RTD sensor cold junction calibration is not used. 
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4.2 Experimental and Theoretical Sensor Sensitivity Analysis 
 The sensitivity of a Fabry-Pérot sensor depends on its optical cavity length. The 
optical cavity length is defined by the effective refractive index (neff) of the core and the 
physical length of Fabry-Pérot cavity. A series of sensors with different cavity lengths 
were subjected to several thermal cycles. Phase shift (2.3.2) corresponding to a 
temperature change increases with the increase of the cavity length. This result indicates 
a higher sensitivity for longer cavity lengths. A comparison of the experimental (lines) 
and theoretical (symbols) sensitivity data of these F-P sensors with different cavity 
lengths is shown in Figure 56. Comparing both experimental and theoretical phase 
responses in Figure 56 it is apparent that the experimental phase response exhibits a 
very good match with the phase response of the theoretical modelling. By co-plotting 
the experimental and theoretical phase response, it can be seen that they are overlapping 
each other. Thus, it can be concluded that the theoretical model gives a very good 
estimation of the experimental performance of the sensors. The theoretical model of a 
Fabry-Pérot sensor performance was built on LabVIEW software. 
 
Figure 56. Experimental (lines) and theoretical (symbols) phase response of 4 Fabry-Pérot 
sensors from room temperature to 900°C. Each sensor has a different cavity length showing 
variation on its sensitivity. Phase values of the sensors are normalised to their phase value at 
22°C. 
As it can be seen in Figure 56 the phase shift has a non-linear relationship. This 
nonlinearity is due to the thermo-optic property of the fibre material as explained in 
Chapter 2. The 2
nd
 order polynomial behaviour comes from the 2
nd
 order dependency 
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of fused silica (SiO2) thermo-optic coefficient on temperature [11, 55, 133-135]. In 
Figure 56, a sensor of 85μm cavity length (black data) exhibits a phase change of 8 
radians over a temperature range of approximately 900°C. On the other hand, a 40μm 
cavity length (purple data) sensor, which has the half length of the sensor above, 
exhibits a phase change of 4 radians at the same temperature. The same values are 
applied for the theoretical phase response analysis. A 2
nd
 order polynomial fitting was 
applied to both data sets. The 2
nd
 order polynomial fitting function has the following 
form:  
𝑦 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +  𝐵1 ∗ 𝑥 + 𝐵2 ∗ 𝑥
2  Equation 19 
The intercept, B1 and B2 of the theoretical and experimental fitting function of the 57μm 
cavity length sensor are -0.16307, 0.005, 1.4093e
-6 
and -0.11576, 0.00432, 2.2186e
-6
, 
respectively. Despite the fact that there is slight deviation between the parameters they 
match correctly. The sensitivity for a given temperature is linearly proportional to its 
cavity length. Figure 57 presents the experimental sensitivities for a variety of cavity 
lengths at 400°C, 700°C and 900°C. The sensitivities of the sensors were measured at 
three representative temperatures where according to the graph the longer cavities 
present higher sensitivities. Through phase sensitivity, a conversion of the phase units 
(radians) of the sensor to temperature units (Celsius degrees) can be achieved, which 
leads to an estimation of the sensor temperature drifts in units of Celsius degrees. 
 
Figure 57. Experimental data of sensitivity versus various cavity lengths of Fabry-Pérot 
sensors. The sensitivity of each sensor was measured at different temperatures such as 400°C, 
700°C and 900°C. 
It is worth noting that the amount of data of interrogator system is the same 
(16000 data points, 2.3.3) for all sensors either short length or long length cavities. 
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Short cavities (spectrum consists of a few fringes) correspond to low frequencies after a 
FFT is applied on their interferometer spectrum, while long cavities (spectrum consists 
of many fringes) correspond to higher frequencies. An accurate detection of spectrum’s 
fundamental frequency through single tone extraction is based on the sampling rate. 
Single tone extraction (2.3.3) uses an interpolation process to find the frequency, 
amplitude, and phase of the input signal. The interpolation is used due to the difference 
between the highest peak of the FFT output and the signal frequency, as the signal 
frequency and the sampling frequency are not precisely harmonically correlated.  The 
sampling rate should be at least the highest frequency. As we cannot increase the data 
points of the FFT, and given that the interpolation of the FFT is not linear (a second 
order polynomial, quadratic, is fitted to the FFT output peak), low frequencies can be 
detected more accurately than the higher frequencies. Hence, short cavities are more 
accurate for our data analysis. On the other hand, the coherence of the interfering beams 
limits the maximum cavity length. While a longer cavity can give a higher sensitivity, 
the fringe visibility (and hence the signal-to-noise ratio) drops as the cavity becomes too 
long due to optical cavity losses. Light experiences optical losses while propagating 
through the FP cavity, including the optical absorption of cavity’s material and the 
losses from recoupling into the lead-in fibre. Therefore, the signal to noise ratio 
decreases with cavity length increase. The decreasing of fringe visibility could result in 
a reduced signal-to-noise ratio (SNR), and thus, a limited maximum cavity length [107, 
136].
 
Figure 58. R
2 
fitting versus cavity length in micrometres. The left graph corresponds to an 
ideal no-noise cavity, while the right graph corresponds to a cavity where noise was 
introduced. The insets depict the cavity lengths which exhibited on a theoretical model fitting 
quality more than 0.9. 
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Through theoretical calculations we estimated the optimum cavity length of a 
Fabry-Pérot sensor, defined by investigating the quality of a sinusoidal fitting function 
to sensor’s spectrum. The sinusoidal fitting function emanates from the analysis of the 
sensor’s spectrum, according to the data analysis routine in Chapter 2. On the 
theoretical model, built on LabVIEW software, the sinusoidal fitting function is created 
by the extracted values of frequency, phase and amplitude after the single tone 
frequency detection is applied on the raw data sinusoidal spectrum. The raw data 
sinusoidal spectrum is co-plotted with the sinusoidal fitting function from which the 
quality of the fitting is calculated as R
2
. The quality of the fitting (R
2
) for a variety of 
Fabry-Pérot cavity lengths, starting from 2μm up to 400μm, was calculated. The best 
fitting should have an R
2
 value of 1, however for R
2
 values above 0.9 the fitting is 
considered useful for our data analysis. The estimation of R
2
 has been investigated, with 
respect to cavity length, for an ideal cavity (a cavity without any noise introduced with a 
fringe visibility of 1) and a cavity where white noise has been introduced. The white 
noise which has been applied had a standard deviation of ±0.1 on the raw data 
sinusoidal spectrum, which drops the fringe visibility to 0.9. Figure 58 demonstrates the 
optimum cavity length of a Fabry-Pérot sensor in the insets, where the quality of the 
fitting is given by R
2
. The left plot of Figure 58 represents the R
2
 of an ideal cavity with 
fringe visibility 1. No white noise at the modelled sinusoidal spectrum of the sensor was 
introduced. The right plot of Figure 58 corresponds to a cavity after introducing white 
noise in the sinusoidal spectrum. According to Figure 58, a Fabry-Pérot sensor with 
cavity length range between 20μm and 80μm gives very good quality fitting results, as 
the R
2
 sits above 0.94. For cavity length above 100μm the quality of the fitting is 
dramatically reduced. 
A longer cavity has shorter fringe spacing therefore the refractive index change of 
the fibre required to make a 2π phase shift is smaller than that for a short cavity.  Figure 
59 shows the theoretical simulated spectra for 4 different cavity FP sensors, where 4 
fringes with 20nm spacing between them consist a 40μm sensor while 8 fringes with 
10nm spacing consist an 85μm sensor. As a result, the phase shift corresponding to a 
temperature change increases for longer cavity lengths indicating higher sensitivity. 
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Figure 59. Modelled spectra of different cavity sensors. Y-axis displays the intensity in 
arbitrary units while in the x-axis is displayed the wavelength in nanometres. 
4.3 Ge-doped (SMF28 ultra) Fabry-Pérot sensor  
This section, will present the annealing cycles, thermal cycles, and high 
temperatures stability studies of sensors whose sensing element was manufactured by a 
Ge-doped core. Both type 1 and type 2 Fabry-Pérot sensors long-term thermal 
characterization studies are presented in the next sections investigating their phase 
response suitability for temperature measurements up to 1150°C. 
4.3.1 Annealing and Thermal Cycling of Ge-doped core Fabry-Pérot sensors 
Each sensor is initially subjected to an annealing cycle and several thermal cycles, 
to relieve the optical fibre from residual internal stresses. The annealing process causes 
reduction of the local stresses, leading to more homogenous fibres which is critical to 
their durability. These local stresses are caused by the different materials of the core and 
the cladding during the optical fibre drawing of their manufacturing process. An 
inadequately annealed optical fibre is likely to crack or shatter when subjected to 
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relatively abrupt temperature change. For the annealing and thermal cycling section, 
there were chosen some representative sensors from each type and sensing element to 
present their phase response versus time and temperature. 
Figure 60 depicts the annealing cycles performed with the sensors before the 
phase stability tests. The annealing cycles (up photo-blue data) of the latter figure 
correspond to a 76μm Ge-doped cavity of type 1 Fabry-Pérot sensor. Starting from 
room temperature, the sensor is cycled twice up to 400°C with heating rate of 
3°C/minute and cooling rate of 2°C/minute respectively. Afterwards, the same process 
of cycling for temperatures up to 600°C, 800°C, 900°C and finally 1000°C is repeated. 
In the same figure, the black data represent the phase response of the sensor which 
follows the temperature response changes in an identical performance. 
 
Figure 60. Data recorded during initial annealing process and after 9 subsequent thermal 
cycles of a type 1 (76μm) Ge-doped core Fabry-Pérot sensor with regards to time, before the 
stability test begins. The graphs present the temperature, recorded separately with an N-type 
thermocouple, and the phase response of the sensor. 
Most of the sensors were also subjected to thermal cycles during the stability test 
and after the end of it. Through this an investigation of phase modulation phenomena 
and phase drifts that occurred during the stability tests was attempted. These phenomena 
made their appearance at the phase response cycles in the middle and the end of the 
stability test. An explanation of these phase modulations is that they are directly 
connected with dopant diffusion from core to cladding for Ge-doped sensors, and vice 
versa for F-doped sensors. Also, tapering phenomena that might occur along the optical 
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fibre especially at high temperatures. A thorough investigation of these phenomena is 
described in the long-term stability sections and in Chapter 5. 
Thermal cycling of a 75μm Ge-doped core sensor was carried out with an initial 
cycle from ~26°C to 400°C and back to ~26°C. After each cycle, the upper temperature 
of the next cycle was increased, according to Figure 60, until it reached 1000°C. The 
sensor was kept at each upper temperature for approximately 20 minutes before the 
cooling process, to ascertain whether any drift occurs at these elevated temperatures and 
to ensure that a thermal equilibrium had been reached. The phase response during the 
thermal cycles is repeatable, as all 4 cycles are overlapping each other. This means that 
the annealing effects have been disappeared. 
 
Figure 61. Comparison of phase data, with regards to temperature, recorded during initial 
annealing and after 4 subsequent thermal cycles between ambient and 1000°C, before and 
after the stability test. The green triangle data correspond to the annealing cycle from 1000°C 
to room temperature. The rest of the data, overlapping each other, are 4 thermal cycles after 
the sensor was tested for 80 days at temperatures above 900°C. 
Figure 61 shows the temperature calibration curve (green triangle data) obtained 
during the annealing cycling before the beginning of the stability test (~80days) and 
after it. The calculated repeatability of the temperature cycling up to 1000°C is within 
±4°C. After approximately 80 days at temperatures above 900°C, the sensor was 
subjected to four thermal cycles from 1000°C to room temperature. It is obvious that the 
repeatability of the sensor after its stability test is robust, without any phase drifting. All 
cycles are overlapping each other indicating that the sensor even after 80 days has a 
repeatable phase response.  
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On the other hand, there is a phase difference, shown with a red vertical line in 
Figure 61 and Figure 62, between the annealing cycle and the thermal cycle. The phase 
difference is caused by the change of the core refractive index of the sensor at 
temperatures up to 1100°C. The refractive index is directly connected with the phase 
response of sensor. In addition, the phase drift cannot be predictably quantified as it 
depends on the behaviour of the sensor during its stability tests as well as with the 
dopant of its sensing element. This phase shift effect between the annealing and thermal 
cycles has been noticed to Ge-doped core and F-doped depressed cladding sensors that 
were tested at high temperatures. It wasn’t visible at pure SiO2 cavity sensors though. 
Table 5. Ge-doped core SMF28 ultra sensor sensitivities 
Temperature 
Cavity length 
400°C  700°C 900°C 
88μm 9.35 mrad/°C 10.35 mrad/°C 11.05 mrad/ °C 
75μm 8.14 mrad/°C 9.46 mrad/°C 9.98 mrad/ °C 
60μm 6.69 mrad/°C 7.36 mrad/°C 8.1 mrad/°C 
55μm 6.4 mrad/°C 6.97 mrad/°C 7.25mrad/°C 
40μm 4.44 mrad/°C 4.95 mrad/°C 5.2 mrad/°C 
Table 5 presents the phase sensitivities of the Ge-doped core sensors that were 
used for the stability tests. Each sensor’s sensitivity was calculated by the linear fitting 
slope at three indicative temperatures. The non-linearity of the phase response can be 
justified from this table as at higher temperatures the sensitivity becomes larger 
according to section 4.1.  
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Figure 62. Data recorded during initial annealing process and after 1 subsequent thermal 
cycle with regards to temperature of a 55μm Ge-doped core Fabry-Pérot sensor. Annealing 
(green triangle data) occurred before the stability test while thermal cycle (black square data) 
after the stability test. 
In Figure 63 and Figure 64 phase modulations make their appearance showing a 
periodic behaviour. During the thermal cycle only, the phase response has a modulated 
behaviour, which is repeatable at both cooling and heating process. Similarly, as with 
the previous sensors these figures present both annealing cycle and a thermal cycle, 
before and after the stability test.   
 
Figure 63. Annealing (black square data) 
and thermal cycle (red triangle data) 
comparison of a Ge-doped core 40μm 
cavity sensor. Phase modulations to the 
thermal cycle after the stability test end, 
made their appearance. 
 
Figure 64. Annealing (black square data) and 
thermal cycle (blue star and red triangle data) 
comparison of a Ge-doped core 60μm cavity 
sensor. Phase modulations to the thermal cycle 
after the stability test end, made their 
appearance. 
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A 2
nd
 order polynomial function was fitted to the phase response of annealing and 
thermal cycle of Figure 63 and Figure 64. The residuals presented in Figure 65 
correspond to the sensor of Figure 63, while the residuals of Figure 66 correspond to 
the sensor of Figure 64. The residuals of the annealing cycle (black square data in 
Figure 65, Figure 66) demonstrate a variation which is common to all the annealing 
cycles of the sensors. This variation would be eliminated if a higher order polynomial fit 
was used, but fused silica’s thermo-optic coefficient is 2nd order dependent on 
temperature [55], which means that there is not a physical explanation for the use of a 
higher order fitting function. On the other hand, the residuals of the thermal cycles (red 
triangle data in Figure 65, Figure 66) present a uniform phase modulation of roughly 
±0.05 radians in 800°C range (Figure 65) and ±0.07 radians in 400°C range (Figure 
66).  
 
Figure 65. Residuals of annealing (black square data) and thermal (red triangle data) cycle 
after fitting a 2
nd
 order polynomial to sensor of Figure 63. 
These phase modulations come from a second order cavity that interferes with the 
signal of the fundamental FP cavity. Additionally, the second order cavity is correlated 
with expanding tapering phenomena of the core radius, caused by the germanium 
diffusion from the core to the cladding at elevated temperatures (described in details in 
Chapter 5). These tapering phenomena cause a thermal enlargement of the core radius, 
increasing the core diameter and consequently its mode field diameter (MFD) [76]. In 
this way, a second order mode makes its appearance causing this characteristic 
modulated phase performance. These modulations make their appearance during the 
thermal cycles, after the sensors have been heated at temperatures up to 1100°C for long 
periods of time. 
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Figure 66. Residuals of annealing (black square data) and thermal cycle (red triangle data) 
cycle after fitting a 2
nd
 order polynomial to sensor of Figure 64. 
 
4.3.2 Long-Term Stability Tests of Ge-doped core Fabry-Pérot sensors 
The period of the stability tests varied from 50 days to 100 days. We normally 
categorize the long-term stability tests in stability cycles, starting and returning to i.e. 
900°C after the maximum temperature is reached.  
The temperature resolution of each sensor is calculated by analysing the slope and 
the peak to peak noise level in the calibration curve. All the Ge-doped sensors in this 
section showed a temperature resolution approximately <5°C for a 1 sec measurement 
time and <2°C for a 10-data points measurement average (~1Hz). The maximum 
temperature reached at these experiments was 1150°C due to temperature limitations of 
the furnace. In addition, at temperatures beyond 1200°C the sensor decays and 
crystallization phenomena might take place. The result would be optical fibre’s signal 
degradation due to crystal growth. This degradation could be caused by crystallization 
of the fused silica changing permanently its structural phase [65, 67, 137]. 
4.3.2.1 Sensor Type 1: 125μm-Cr-125μm 
Figure 67 depicts a long-term stability test of 85 days of the SMF28 sensor, with 
a noise level less than 3°C at 1050°C. The sensor has been subjected to two stability test 
cycles from 900°C up to 1100°C. Initially, at the first stability cycle, the sensor shows a 
drift (~4°C) at 1045°C, as it is portayed in Figure 68(a). Then in the same cycle, in 
Figure 68(b), it can be seen the large drift (~22°C) of the sensor during the cooling 
down process. At the second cycle, the sensor exchibits a negligible drift over 4 days 
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(Figure 68(c)), while at the cooling down process on the same cycle (Figure 68(d)) the 
sensor starts drifting again (~7°C).  These values can be compared with the furnace’s 
temperature drift, measured by a N-type thermocouple, which is roughly 1.5°C at all the 
stability graphs below (blue data in Figure 67). The sensor’s drift is caused by the 
change of the refractive index core of the fibre, apparently due to the fact that the 
germanium dopant is diffusing to the cladding [138]. 
 
Figure 67. Long term stability test of the 75μm Ge-doped SMF28 ultra FP sensor. Each letter 
is referred to the stability test of Figure 68. The red dashed horizontal line indicates the phase 
at 900°C of the third stability cycle, while the red vertical dashed lines indicate the phase 
difference at 900°C, between the stability cycles. 
Throughout the long-term stability tests, it was noticed that the phase values of the 
sensor at 1050°C during heating (1
st
 and 2
nd
 cycles), cooling (1
st
 and 2
nd
 cycle) have an 
escalating variation. This happens due to annealing processes that took place at higher 
temperatures, as well as there is a relaxation time until the sensor will be stabilized. 
When the sensor is exposed to high temperatures such as 1050°C a permanent change of 
the refractive index, causes the phase difference before and after the heating. In 
conclusion, stability of the sensor can be observed during the heating up procedure of 
each cycle (Figure 68(a) and Figure 68(c)), by avoiding abrupt temperature changes. 
A red dashed line in Figure 67, represents a baseline, showing the phase value at 
the end of 2
nd
 stability cycle at 950°C. Δθ2 is approximately 0.45 radians and is the 
phase difference of the 3
rd
 and 2
nd
 cycle while Δθ1 is approximately 1.25 radians and 
represents the phase difference between the 3
rd
 and 1
st
 cycle. The same analysis can be 
applied at other temperatures such as 900°C and 1000°C. The phase difference from the 
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baseline indicates that the refractive index of sensing element’s core is changing 
throughout the temperature variations of the stability test, justifying in this way the 
germanium diffusion which causes the phase drifting. The phase value at 950°C, at the 
end of 1
st
 stability cycle (day 23) has no difference with the phase value at the beginning 
of the 2
nd
 stability cycle (day 30). The same is applied for day 20 and day 33 which 
represent the phase response at 1000°C.  It seems that when the sensor is subjected to 
the cooling process of the stability cycle, its phase response doesn’t present 
unpredictable changes. A conclusion that can be made is that the phase difference 
becomes larger when the sensor was tested earlier at temperatures above 1000°C. 
 
Figure 68. Expanded stability test views of the 75μm Ge-doped FP sensor at 1045°C (a), 
1053°C (b), 1048°C (c) and 1048°C (d). Each letter corresponds to the same letter in Figure 
67. The red lines represent a 10-floating point averaging. 
Figure 69 presents the stability test, lasted for 100 days, of a 60μm Ge-doped FP 
sensor at which both stability test cycles begin at 900°C and rise to 1050°C before 
returning to 900°C. The upper left corner of the same figure indicates the calculated 
temperature that corresponds to 0.5 radians. The temperature comes from the sensitivity 
of the sensor at 1000°C. This temperature indication, shows an estimation of the 
sensor’s drift in Celsius degrees. 
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Figure 69. Long term stability test of Ge-doped SMF28 ultra FP sensor (60μm). Each letter is 
referred to the stability test of Figure 70. The red dashed horizontal line indicates the phase at 
900°C of the third stability cycle, while the red vertical dashed lines indicate the phase 
difference at 900°C, between the stability cycles. 
The phase value of the FP sensor in Figure 69 (red dashed horizontal line) that 
the phase value of the sensor has a distinctive difference compared with the phase at the 
same temperature of the previous cycle. Again, to illustrate this example it was added a 
red dashed line at Figure 69 showing the phase differences of Ge-doped FP sensor at 
900°C at the end of the 1
st
 cycle, the 2
nd
 cycle and the 3
rd
 cycle. The baseline 
corresponds to the 3
rd
 cycle’s phase value at 900°C. Δθ2 is approximately 0.25radians 
and is the phase difference of the 3
rd
 and 2
nd
 cycle while Δθ1 is approximately 
0.85radians and represents the phase difference between the 3
rd
 and 1
st
 cycle. The same 
analysis can be applied at other temperatures such as 950°C and 1000°C. Its phase 
difference at 900°C and 950°C between the end of the 1
st
 cycle and the beginning of the 
2
nd
 stability cycle is obviously negligible. Again, germanium diffusion has a large 
impact at the phase stability of the sensor. This sensor proved to be stable only at 
900°C, after completing two stability cycles. 
 Figure 70 demonstrates the expanded stability views of the sensor at various 
temperatures. The sensor exhibited a minimum temperature drift of less than 3
o
C, at 
900°C (Figure 70(d)), at the end of the 3
rd
 stability test cycle. For temperatures above 
900°C showed significant drifting as it can be seen in at Figure 70(a), Figure 70(b), 
Figure 70(c) with temperature drifts 13°C, 7°C and 27°C, respectively. 
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Figure 70. Expanded stability test views of the Ge-doped FP sensor at 1000°C (a), 950°C (b), 
1050°C (c) and 900°C (d). Each letter corresponds to the same letter in Figure 69. The red 
lines represent a 10- floating point averaging. 
Figure 71 and Figure 72 present the long-term stability test of two Ge-doped FP 
sensors with 55μm and 40μm cavity lengths, respectively. Both sensors didn’t complete 
a full stability cycle, instead they stayed at temperatures above 950°C up to 50 days and 
95 days, respectively. Over this long-term stability test it can be seen in temperature 
recording (blue data), perturbations of 5°C for both sensors due to environmental 
variations. The 55μm FP sensor proved to be stable at temperatures up to 1100°C, 
before start drifting at 1050°C. In Figure 73 an expanded view of its stability at 
1100°C, showing a temperature drift of 6°C over 14 days, is depicted. 
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Figure 71. Long term stability test for 50 
days of a 55μm Ge-doped SMF28 ultra FP 
sensor. 
 
Figure 72. Long term stability test for 95 
days of a 40μm Ge-doped SMF28 ultra FP 
sensor. 
Figure 73 shows an expanded phase stability view of the 55μm FP sensor in 
showed a peak to peak noise level which is 14°C without averaging and 5°C after a 10-
point averaging. On the other hand, the 40μm sensor presented a peak to peak noise 
level of 10°C without averaging and 3°C after a 10-point averaging. Figure 74 depicts 
the expanded phase stability view of the 40μm FP sensor which lasted 22 days. The 
response of the sensor at this temperature, exhibited a temperature drift of less than 4°C, 
while at the other temperatures of the stability test the sensor showed lack of stability. 
 
Figure 73. Expanded stability test view of 
the 55μm Ge-doped FP sensor for 14 days 
at 1100°C. 
 
Figure 74. Expanded stability test views of 
the 40μm Ge-doped FP sensor for 22 days 
at 1050°C. 
 
4.3.2.2 Sensor Type 2: 125μm-80μm-50μm-Cr-50μm (Stepped) 
A partial aim of this work was to encapsulate the sensors to avoid strain transfer 
effects from the surrounding metallic medium, and be embedded in metallic structures 
for temperature monitoring without any external strain influences. Therefore, in another 
approach we manufactured the type 2 stepped diameter Ge-doped Fabry-Pérot sensors 
which consist of Ge doped optical fibres with different diameters spliced together 
(3.5.2). 
Figure 73 
Figure 74 
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Figure 75 presents the long-term stability test of type 2 (stepped) Ge-doped core 
Fabry-Pérot consisted by two stability test cycles. The first stability cycle starts at 
950°C, reaches a maximum temperature of 1150°C before returning to 700°C. The 
second stability test cycle starts at 700°C continuing up to 1150 °C and then returning to 
750°C, with step increments of 50°C. A significant drift of the sensor response above 
1050°C, can be observed. After this annealing, the sensor response shows good long-
term stability at high temperatures up to 1000°C, which is below the annealing 
temperature. 
 
Figure 75. Long term stability test of type 2 (stepped) Ge-doped SMF28 ultra FP sensor 
(75μm). The red dashed horizontal line indicates the phase at 900°C of the third stability 
cycle, while the red vertical dashed lines indicate the phase difference at 900°C, between the 
stability cycles. 
The sensor response improved its stability at high temperatures during the second 
thermal stability cycle. The red dashed line was inserted again as a baseline indicating 
the phase value of the sensor at 950°C after the end of 2
nd
 cycle. Hence, Δθ1, Δθ2 and 
Δθ3 with values 2.5 radians, 0.9 radians and 0.6 radians respectively, show the phase 
differences at the same temperature throughout the stability test of different stability 
cycles. The sensing element of this type 2 sensor has 50μm diameter, and as it is 
obvious from the phase differences Δθ1, Δθ2 and Δθ3 the germanium dopant diffusion 
affects its stability.  
Figure 76 shows the stability improvement of the sensor at 1000°C during these 
two stability cycles where Figure 76(a) represents the phase and temperature at 1000°C 
over time during the temperature increase step of 1
st
 cycle. Similarly, Figure 76(b) 
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represents 1
st
 cycle decrease, Figure 76(c) represents 2
nd
 cycle increase and Figure 
76(d) represents 2
nd
 cycle decrease. The inside red narrow curve at each graph 
represents the noise level of the sensor after a 10-point averaging where the noise is 
reduced to one third of the original noise. The peak to peak noise level of the sensor in 
Figure 76 is <2°C after the 10-point averaging and over time of its operation. The 
sensor exhibited high stability at 1000°C especially after being annealed at temperatures 
above 1050°C, showing a temperature drift of 7°C in Figure 76(a) and without drifting 
in the other graphs of Figure 76.  
 
Figure 76. Expanded stability test views of the type 2 (stepped) 75μm Ge-doped FP sensor at 
1000
o
C during different stages of the stability analysis routine followed, (a) 1
st
 cycle increase, 
(b) 1
st
 cycle decrease, (c) 2
nd
 cycle increase and (d) 2
nd
 cycle decrease. Each letter corresponds 
to the same letter in Figure 75. The inside red narrow curve represents a 10-floating point 
averaging. 
In this section, long-term high temperature stability results of a series of Ge-doped 
core FP sensors were presented. At temperatures above 1050°C the sensors showed 
unpredictable phase drifts. Instead, the sensors exhibited in common some 
characteristics during their stability tests. The phase difference between the same 
temperatures of a different stability cycle was one of them and visible to all Ge-doped 
sensors. This phase difference can be seen at the phase response, with regards to 
temperature, between the annealing and thermal cycle of the sensor as well. A 
correlation of the phase difference with the permanent change of core’s refractive index 
of the sensor due to dopant diffusion, from core to cladding, can be made. 
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Furthermore, the results show that the Ge-doped FP sensor can be used for 
reliable temperature measurements for 5 days up to 1050°C with an accuracy better than 
5°C. The upper operation limit of a fused silica based sensor should be below its 
annealing point temperature, 1150°C, for reliable measurement. Normally, the higher 
stability is achieved when a stability test cycle was preceded reaching up to the 
annealing point of the sensor. 
 
4.4 F-doped depressed cladding (F-SM1500SC-P) Fabry-Pérot sensor 
After investigating the phase stability behaviour of Ge-doped core sensing 
element sensors, an examination of the behaviour of the sensors made by an F-doped 
depressed cladding sensing element, was carried out. Their annealing cycles, thermal 
cycles and high temperatures stability are presented in this section.  
4.4.1 Annealing and Thermal Cycling of F-doped depressed cladding Fabry-Pérot 
sensor 
The F-doped sensors were subjected to three annealing cycles up to 1000°C, 
where they stayed at this temperature for approximately 30 minutes before they cycle 
down to room temperature. The same process was followed for the thermal cycles after 
the end of the stability test which lasted for 47 days. Their annealing and thermal cycles 
are presented in Figure 77 and Figure 78. The black data correspond to the cooling 
down process before the stability test begins, while the red data after the end of the 
stability test. 
 
Figure 77. Phase response cycle 
comparison of the 69μm F-doped depressed 
cladding Fabry-Pérot sensor. 
 
Figure 78. Phase response cycle 
comparison of the 59μm F-doped 
depressed cladding Fabry-Pérot sensor. 
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As it can be seen in both figures the phase difference is dominating with a phase 
value of approximately 2 radians to both sensors. The phase modulations were observed 
in both annealing and thermal cycles of F-doped sensors as well. Similarly, with the 
phase modulations at the thermal cycles of Ge-doped core sensors, a postulation that the 
fluorine dopant diffuses from the cladding towards the core in the sensing element 
causing these phase modulations, can be made. A second order cavity is again 
interfering with the fundamental cavity of the sensor through the fast fluorine dopant 
diffusion, increasing the radius and the mode field diameter of the core [75]. The 
interesting part is that these phase modulations made their appearance at both annealing 
and thermal cycles. This is expectable as fluorine element (Z=9) is lighter than 
germanium (Z=32) and diffusion of germanium from the core to the cladding occurs 
with a lower rate than the diffusion from cladding to the core of fluorine [139]. The 
outcome is a fast fluorine diffusion in the sensing element introducing a 2
nd
 order mode 
cavity in the sensing element before the stability tests beginning. 
In addition, the thermal cycles (red data) for both Figure 77 and Figure 78 
presented an abrupt phase shift for temperatures below 150°C. The spectra of the 
sensors at 50°C were recorded before and after the stability test temperature, presented 
in Figure 79 and Figure 80. As it can be seen in the same figures, at both sensors there 
is a 20% loss at their spectra intensity. The diffusion of the fluorine takes place only in 
the sensing cavity length, as the rest of the sensor is the waveguiding fibre consisted by 
an SMF28 ultra. The sensor sits at 17cm length in the furnace meaning that the 
waveguiding fibre (Ge-doped core) experiences diffusion as well, but with a much 
lower rate than the sensing element. The fast fluorine diffusion creates a significant 
 
Figure 79. Co-plotted spectra of 69μm F-
doped sensor at 50°C before (black square 
data) and after the stability test (red triangle 
data). 
 
Figure 80. Co-plotted spectra of 59μm F-
doped sensor at 50°C before (black square 
data) and after the stability test (red triangle 
data). 
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difference at the diameters of the sensing element core and the waveguiding fibre’s 
core, increasing consequently the cooling loss into the lead-in waveguiding fibre. 
4.4.2 Long-Term Phase Stability Tests of F-doped depressed cladding Fabry-Pérot 
sensors 
Both F-doped FP sensors with cavity lengths 69μm and 59μm, were tested in a 
temperature range from 850°C up to 1050°C for approximately 60 days. Their stability 
tests, as portrayed in Figure 81 and Figure 82, indicated inadequate stability at all 
temperatures due to the high rate of diffusion of the fluorine from the cladding into the 
core. However, their phase responses throughout the stability test are apparently 
identical. In these stability tests, it wasn’t introduced a phase baseline, as it is obvious 
from Figure 81 and Figure 82 that there wasn’t any phase stability at none of the 
temperatures the sensors were subjected. 
 
Figure 81. Long-term stability test (~60 days) 
of a 69μm F-doped depressed cladding 
Fabry-Pérot sensor. 
 
Figure 82. Long-term stability test (~60 days) 
of a 59μm F-doped depressed cladding 
Fabry-Pérot sensor. 
The sensors were subjected to two stability test cycles, from 850°C to 1050°C, 
before returning. Their temperature drift varied between 100°C and 160°C for both 
sensors, over the stability cycle range. The drift in temperature Celsius degrees is 
calculated from the phase drift and the sensitivity of the sensor at a specific temperature. 
After the first stability test cycle both sensors showed minimum temperature drift, less 
than 10°C at 850°C, but during the second stability cycle the phase drift escaladed 
again. 
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Figure 83. Stability test of 69μm F-doped 
sensor at 850°C. The temperature drift is 
roughly 10°C. The red lines represent a 10-
floating point averaging. 
 
Figure 84. Stability test of 59μm F-doped 
sensor at 850°C. The temperature drift is 
roughly 7°C. The red lines represent a 10-
floating point averaging. 
It seems that for temperatures below 950°C, the fluorine diffusion slows down. In 
the stability tests of both sensors, is noticeable that during the first stability cycle the 
phase decreases, probably due to the diffusion of fluorine into the core leading to 
decreases of its refractive index.  As it was mentioned above, a potential reason is that 
the fluorine is diffused with a high rate, as a light element, from the cladding to the 
core, which leads to decrease of the refractive index and consequently to F-doped 
sensor’s phase. Another possible reason of the anomalous behaviour of the F-doped 
sensor are crystallization effects that might occur at above 1000°C [140], affecting the 
effectiveness of the sensor. In conclusion, the presence of dopant in the sensing element 
of the FP sensor showed a huge impact to the sensor’s functionality during its phase 
stability test. The F-doped depressed cladding FP sensors proved to be highly unstable 
at temperatures above 900°C, with a minimum temperature drift of 7°C at 850°C over 7 
days. 
4.5 Pure SiO2 (ESM-12B) Fabry-Pérot sensor 
After finding out that the dopant in the sensing element of the Fabry-Pérot sensors 
has a huge impact at their phase stability, the next rational step was to build Fabry-Pérot 
sensors with an undoped sensing element consisted of pure SiO2. Ge-doped and F-
doped Fabry-Pérot sensors showed a variety of phase drifts at high temperatures, with 
Ge-doped showing minimum drifts compared to the large phase drifts of the F-doped 
Fabry-Pérot sensors. A series of 4 undoped pure SiO2 Fabry-Pérot sensors of different 
cavity lengths were manufactured and tested at high temperatures. The annealing cycles, 
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thermal cycles, and phase stability tests of the undoped pure SiO2 FP sensors are 
presented in the next sections. 
4.5.1 Annealing and Thermal Cycling of pure SiO2 Fabry-Pérot sensors 
All graphs represent a single cooling down process from 1000°C to 25°C at a rate 
of 1°C min
-1
. Each sensor was subjected to two annealing cycles up to 1000°C where 
they stayed for approximately 30 minutes before returning to room temperature. Figure 
85 illustrates the annealing process and testing cycles of a 55μm pure SiO2 sensor for 
three different dates during the stability test. Figure 85(a) portrays the annealing 
process phase response of the sensor before starting the stability test. Figure 85(b) 
portrays a testing cycle phase response of the sensor two months into the stability test. 
Figure 85(c) portrays a test cycle phase response of the sensor at the end of its stability 
test, having been exposed to temperatures above 850
o
C for three months. Figure 85(d) 
displays these three phase responses co-plotted all together. The phase response with 
respect to temperature is not linear for either sensor, instead it follows a 2
nd
 order 
polynomial behaviour, as the phase is directly correlated with the thermo-optic 
coefficient. 
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Figure 85. Phase response versus temperature of pure SiO2 FP sensor (55μm) of three 
different time periods during stability test. Graph (a) corresponds to the annealing cycle, 
Graph (b) corresponds to the thermal cycle after two months have passed, Graph (c) 
corresponds to the thermal cycle after the end of the stability test and Graph (d) presents 
these three graphs together co-plotted. 
As can be seen in Figure 85(d) the phase response of the sensor is stable over the 
three months of stability tests, confirmed by the fact that the three phase responses 
overlap each other. This can be a proof of no dopant diffusion in the sensing element of 
the sensor, as the sensor was made by pure SiO2. Nevertheless, within Figure 85(b) and 
Figure 85(c) modulations make an appearance, especially for temperatures above 
200°C. These modulations come from a second order cavity that interferes with the 
signal of the fundamental cavity. This second order cavity is presumably correlated with 
expanding tapering phenomena of the core radius, caused by the germanium diffusion 
from the core to the cladding at elevated temperatures. These modulations make their 
appearance always during the annealing cycling up to 1000°C. At this point it should be 
mentioned that these sensors’ sensing element is made from pure SiO2 meaning that 
there is no waveguiding of the launched light in the cavity length. However, the cavity 
length of the sensors is short enough (less than 100μm) to keep the interference 
sinusoidal signal without losses due to beam divergence from the 2
nd
 mirror of the FP 
cavity (fibre’s cleaved end face).  
In Figure 85(d) a comparison between the annealing cycle and thermal cycles 
versus temperature of a pure SiO2 FP sensor with 63μm cavity length is demonstrated. 
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In the latter figure each cycle is co-plotted on the same graph, and each phase response 
of the sensor is overlapping each other, proving that there is no any distinctive phase 
difference between the annealing cycle and the thermal cycles. The phase response with 
regards to temperature proved to be robust. On the other hand, the phase modulations 
made their appearance again after two months at high temperature testing.  
 
Figure 86. Annealing cycling and thermal cycle testing of a 65μm pure SiO2 FP sensor. The 
sensor was at high temperature testing for 65 days. 
The annealing cycle and thermal cycle of a pure SiO2 FP sensor with 65μm cavity 
length is presented in Figure 86. The sensor was tested at temperatures between 900°C 
and 1050°C for a period of 65 days, with a step increment of 50°C. On the other hand, 
in Figure 86 there is no any intense evidence of modulation at the phase response. 
Instead, after fitting with a 2
nd
 order polynomial the phase response, there is an evidence 
of phase modulation throughout all the temperature range. Figure 87 shows the 
residuals after the 2
nd
 order polynomial fitting. The phase modulations at the residuals 
prove that a 2
nd
 cavity interferes with the fundamental cavity signal. 
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Figure 87. Residuals of final cycling (red triangle data in Figure 86) after fitting a 2
nd
 order 
polynomial to sensor. 
A conclusion that can be made from the annealing and thermal cycles of these 
sensors is that the undoped sensing element of a Fabry-Pérot sensor can eliminate the 
phase difference between the annealing and thermal cycles. On the contrary, the lack of 
dopant doesn’t allow to the sensing element cavity to function as a waveguide. This can 
be a problem as the rest of the sensor is an SMF28 ultra fibre which operates as a 
waveguide of the interference signal created by the sensing element. High temperatures, 
especially above 1050°C, can affect the waveguiding fibre provoking tapered 
germanium diffusion along the fibre [75, 76]. The impact of this phenomenon is that the 
core diameter expands causing increase of the mode field diameter of the waveguiding 
fibre at the splice region. Hence, a second order mode cavity is introduced in the 
sensing element interfering with the fundamental cavity of the sensor. 
4.5.2 Long-Term Phase Stability Tests of pure SiO2 Fabry-Pérot sensors 
The long-term stability phase response of pure SiO2 sensors are presented in this 
section. The temperatures at which the sensors were subjected varied from 850°C up to 
1050°C. It wasn’t exceeded the temperature of 1050°C, as closing to the phase 
transition point of fused silica as it was done with the previous sensors. The sensors 
stayed at these high temperatures for a period ranging from 65 days to 100 days. 
In Figure 88 is demonstrated the long-term stability test of a 55μm pure SiO2 
sensor for 100 days. Its fringe visibility is 1 and its noise level is peak to peak <6
o
C, 
whilst after a 10-point averaging the noise is reduced to approximately one third of the 
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original noise <1.5°C. A red dashed line was introduced as a baseline, showing the 
phase response at 950°C. With this sensor were completed three stability test cycles, 
investigating its phase response stability at different temperatures. As it is expected and 
can be seen in Figure 88 is not detected any significant phase difference for the same 
temperatures between the cycles. This suggests that the lack of dopant diffusion in the 
pure SiO2 sensing element leads to higher stability while the sensing element of the Ge-
doped FP sensor experiences an effective refractive index shift because of dopant 
diffusion. This then influences the effective cavity length of the fibre, giving an absolute 
change to the recovered phase. The upper temperature which can be seen in Figure 88 
indicates the temperature drift of 0.25 radians calculated from the sensitivity of the 
sensor at 1000
o
C. 
 
Figure 88. Long term stability test of pure SiO2 FP sensor (55μm). Each letter is referred to 
the stability test of Figure 89. The red dashed horizontal line indicates the phase at 950
o
C of 
the third stability cycle. 
Usually sensors don’t exhibit large drifts after they have been subjected to a 
stability test throughout the cooling process. This is happening due to thermal relaxation 
of the optical fibre at temperatures above 1000°C. Expanded views of the stability test 
for some representative temperatures are presented at Figure 89. The sensor’s drift at 
each temperature vary. For instance, during 1
st
 and 3
rd
 stability cycle’s cooling process, 
the sensor exhibited a temperature drift of less than 6
o
C, after being exposed to 1000°C 
for 3.5 days Figure 89(a) and 8 days at 900°C Figure 89(d). Also, at the heating 
process of 2
nd
 stability cycle the sensor showed a temperature drift of only 4°C after a 
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period of 5 days at 950°C (Figure 89(b)). However, throughout a period of 5.5 days the 
phase behaviour follows a modulated behaviour instead of constant drifting upwards or 
downwards, especially above 1000
o
C. This can be seen in Figure 89(c) where the 
sensor’s phase response is modulated with a 25°C temperature drift amplitude at 
1050°C of the 2
nd
 stability cycle. At this temperature, it is difficult to predict the phase 
behaviour of the sensors, as it sometimes has a periodic modulation and others it is 
constantly drifting. The modulated phase response is visible at various temperatures 
during the stability test as well. The 10-point averaged plot is the narrow red line that 
can be found in Figure 89.  
 
Figure 89. Expanded stability test views of the 55μm pure SiO2 FP sensor at 1000°C (a), 
950°C (b), 1050°C (c) and 900°C (d). The red lines represent a 10-floating point averaging. 
As it was mentioned above, the 2
nd
 cavity introduction for the pure SiO2 it more 
likely to happen as there is no dopant diffusion in the sensing element. The pure SiO2 
sensing element doesn’t operate as a waveguide due to its lack of core. Thus, the 
sinusoidal signal is not wave guided in the pure SiO2 cavity. However, due to the short 
cavity of the sensing element the signal losses are negligible. At high temperatures, the 
waveguiding fibre experiences dopant diffusion as it was analysed in section 4.3. Then, 
in combination with the temperature profile of the furnace is created an adiabatic 
tapered core profile which leads to a possible introduction of a 2
nd
 order mode cavity in 
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the sensing element. A more detailed tapering and diffusion analysis is investigated in 
Chapter 5. 
Figure 90 demonstrates the stability tests of a 65μm pure SiO2 FP sensor. The 
sensor completed two stability cycles between 900°C and 1050°C, over 65 days. Its 
fringe visibility is 0.65 and its peak to peak noise level is <12°C, whilst after a 10-point 
averaging is reduced to <4°C. In the same figure it is obvious, from the red dashed 
baseline, that there is not a significant phase difference at 950°C, between the stability 
cycles. This proves the impact of sensing element’s dopant on the phase stability of the 
FP sensor. Throughout the long-term stability test of the 65μm pure SiO2 FP sensor, it 
was noticed an identical phase behavior presented in Figure 90. The sensor exhibited a 
stable phase behavior for temperatures below 1000°C. The phase response of the sensor 
seems to be the same, with small deviations, at 950°C between the 1
st
 and 2
nd
 stability 
cycle. Establishing again that the lack of dopant at this type of FP sensor affects its 
phase stability. The deviations come from possible temperature difference that was set 
manually on the furnace. The phase similarity between the cycles can be seen not on 
only at 950°C, but at other temperatures as well. 
A phase modulated behaviour is also present at temperatures such as 950°C, 
1000°C and 1050°C of the 1
st
 stability cycle. A 2
nd
 order mode cavity is presumably 
makes its appearance, even though is not such distinctive as with the sensors presented 
in Figure 88. This happens due to the low fringe visibility of the last two sensors and 
their low signal to noise ratio.  
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Figure 90. Long term stability test of pure SiO2 FP sensor (65μm). Each letter is referred to 
the stability test Figure 91. The red dashed horizontal line indicates the phase at 950°C of the 
3
rd
 stability cycle. 
In Figure 91 the expanded views of the stability tests are presented. Each graph of 
the latter figure can be find at the correspondent letter in Figure 90. The sensor proved 
to be stable at 900°C, 950°C and 1000°C presented in Figure 91(a), Figure 91(b) and 
Figure 91(d), respectively. Its temperature drift does not exceed 10°C for a period of up 
to 7 days. On the other hand, the temperature variation of the thermocouple due to 
furnace’s instability (Figure 91(c)), matches the temperature drift of the sensor. The 
temperature drift of the sensor over 1 day is 26°C, whilst the temperature variation of 
the thermocouple for the same period is 25°C. The temperature response of the N-type 
thermocouple (blue data) can be seen in Figure 91(a), where it exhibited a strange 
temperature variation recording of roughly 2.5°C, for up 2 days. Nevertheless, this 
variation did not affect the phase response of the sensor. On the other hand, the 
temperature recording in Figure 91(c), exhibits an interesting behaviour. The instability 
of the furnace to keep its temperature constant at 1050°C causes these variations at the 
temperature recording. The temperature variation measured by a thermocouple is 25°C 
and the sensor follows the same phase behaviour with a temperature drift of 
approximately 27°C over 1 day. The same effect can be seen at the end of the 2
nd
 
stability cycle. 
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Figure 91.Expanded stability test views of the 65μm pure SiO2 FP sensor at 900
o
C (a), 950
 o
C 
(b), 1050
 o
C (c) and 1000
 o
C (d). The red lines represent a 10-floating point averaging. 
In conclusion, the lack of dopant in the sensing element of the Fabry-Pérot sensor 
improved sensor’s functionality during its phase stability test. This improvement comes 
from the fact that there is no dopant in the sensing element to be diffused neither 
towards the outer cladding, as Ge-doped core FP sensors, either to the inner core, as F-
doped depressed cladding FP sensors. However, the undoped pure SiO2 FP sensors 
exhibited a modulated phase behaviour over time instead of a constant drifting. This can 
be an evidence of a 2
nd
 order mode cavity introduction interfering with the fundamental 
cavity. Thus, the undoped pure SiO2 Fabry-Pérot sensor presents a good stability 
response while operating below 1000°C. 
4.6 Conclusions of Chapter 4 
The phase response during long-term stability tests of intrinsic optical Fabry-Pérot 
optical fibre sensors was investigated in this chapter. The annealing cycle, thermal 
cycles, and long-term stability tests for different types of Fabry-Pérot sensors were 
presented. 
The phase response with regards to temperature of a Fabry-Pérot sensor, proved to 
have a nonlinear behaviour. This is attributed to the 2
nd
 order dependency of fused silica 
on temperature. The sensitivity of FP sensors with various cavity lengths between 40μm 
and 100μm, has been calculated and presented for different temperature ranges. At 
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higher temperatures, the sensor exhibited higher sensitivities. The theoretical phase 
response results showed a good match with the experimental as well. An analysis of 
Fabry-Pérot sensors’ sensitivity proved that sensors with longer cavity exhibit higher 
sensitivity. However, as the resolution of the interrogation system is constant, the signal 
to noise ratio decreases with cavity length. Thus, based on theoretical calculations it was 
estimated an optimum cavity length for the Fabry-Pérot sensor. A cavity length between 
the range of 30μm and 100μm proved to be satisfactory for our data analysis routine.  
Three different types of Fabry-Pérot sensors with different sensing elements were 
tested at high temperatures for a period up to 100 days. There were manufactured FP 
sensors with Ge-doped core, F-doped depressed cladding and pure SiO2 sensing 
elements. A phase difference between the annealing and thermal cycles was present for 
all the Ge-doped core and F-doped depressed cladding FP sensors. On the contrary, the 
phase difference was eliminated or negligible at the comparison of annealing and 
thermal cycles, for the pure SiO2 FP sensors. The phase difference emanates from the 
permanent change of the sensing element’s core refractive index due to dopant 
diffusion, when it is subjected to high temperatures. A detailed summary of each Fabry-
Pérot sensor’s performance at numerous temperatures is presented at Table 6. 
Table 6. Summary of temperature drift for each type of Fabry-Pérot sensor for various 
stability periods and temperatures. 
In addition, modulated phase behaviour has been observed at the phase response 
at all the sensors. The phase modulations made their appearance after different periods 
of time for each type of sensor. These phase modulations emanate from a 2
nd
 order 
mode cavity introduction into the fundamental one, while the core diameter is increased 
in a tapered formation by dopant diffusion. The Ge-doped sensors exhibited these 
modulations to the minimum as germanium diffuses with a slow rate compared to 
fluorine of the F-doped sensors. On the other hand, pure SiO2 sensors showed a more 
intense modulated behaviour due to the lack of core in their sensing element. The 
Type of sensor 
 
Temperature 
Ge-doped core 
SMF28 ultra  
(60μm cavity) 
Pure fused silica – PCF  
(55μm cavity) 
F-doped depressed cladding 
F-SM1500SC-P 
(69 μm cavity) 
1050°C 
(over 5 days) 
18.1°C 11.4°C >100°C 
1000°C 
(over 5 days) 
9°C <1°C >100°C 
950°C 
(over 5 days) 
2.5°C <2°C >100°C 
900°C 
(over 8 days) 
4°C <1°C <10°C 
850°C 
(over 7 days) 
3°C <2°C <7°C 
98 
 
diffusion that takes place at the waveguiding fibre of the FP sensor creates a tapered 
core diameter enlargement leading to the introduction of the 2
nd
 order mode cavity into 
the fundamental cavity.  
Ge-doped core FP sensors proved to be stable at temperatures up to 1050°C. 
However, the sensors present better stability when a stability test cycle was preceded 
reaching up to 1100°C. Above this temperature, the sensors proved to be highly 
unstable, with large discrepancies and drifts in response. Furthermore, the results show 
that the Ge-doped FP sensor can be used for reliable temperature measurements for 5 
days up to 1050°C with accuracy better than 5°C. F-doped depressed cladding FP 
sensors proved to be highly unstable at temperatures above 900°C, achieving a 
minimum temperature drift of 7°C at 850°C over 7 days. The presence of fluorine 
dopant in their sensing element proved to have a huge impact to the sensor’s stability 
even in the beginning of the stability test. Fluorine is a light element and its diffusion 
rate is much faster than germanium’s leading high temperatures to have a greater impact 
on it. In addition, the lack of dopant in pure SiO2 sensors’ sensing element improved 
their phase response stability over time. However, the absence of dopant enhances the 
possibility of a 2
nd
 order mode cavity to interfere in the fundamental cavity. The 
undoped FP sensors exhibited modulated phase behaviour instead of constant upwards 
or downwards drifting compared to previous sensors presented. Nevertheless, undoped 
pure SiO2 sensors showed a temperature drift less than 6°C for temperatures up to 
1000
o
C. Also, by comparing the phase response, at a specific temperature, between the 
stability cycles it was found out that there was a phase difference for the doped FP 
sensors, whilst for the undoped FP sensors the phase difference between the cycles was 
negligible. Again, this is evidence that dopant diffusion phenomena affect the phase 
stability and robustness of optical Fabry-Pérot optical fibre sensors.  
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Chapter 5: Dopant Diffusion of Optical Fibres at High Temperatures 
 In this chapter, the diffusion and tapering phenomena that occur in an optical 
fibre and can affect its phase stability and robustness at high temperatures are described. 
The optical fibre sensors tested at temperatures up to 1150°C over 100 days, were 
investigated for diffusion of the germanium dopant, through Scanning Electron 
Microscopy (SEM) coupled with Energy Dispersive X-ray (EDX) Spectroscopy. Based 
on theoretical modelling calculations, an analysis of a 2
nd
 order mode interference in the 
fundamental cavity has been conducted.  
A measured temperature profile of the furnace that was used is also demonstrated. 
The temperature profile of the furnace is correlated with tapering phenomena and 
experimental diffusion results in optical fibres. Also, an evaluation of the circumstances 
that could form a 2
nd
 order mode cavity in the optical fibre, are analysed. In addition, an 
investigation of expanded core diameter longitudinally to the optical fibre is presented. 
 
5.1 Longitudinal Temperature Furnace’s Profile 
The furnace Nabertherm RD 30/200/11 is a 36cm full length tube furnace with 
the maximum temperature at its center. In Figure 92, an illustration of the half-length 
temperature profile of the furnace, used for stability experiments, is depicted. A type N 
thermocouple was introduced in the furnace such a way its tip sits in its center. The 
furnace temperature was set to 1020°C and the thermocouple was given 2 minutes to 
thermally match the furnace. Once the thermocouple reached equilibrium, at 1020°C, 
the thermocouple has been removed of the furnace with a 1cm step.   
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Figure 92. Temperature longitudinal profile of the tube furnace (Nabertherm RD 30/200/11) 
measured by an N-type thermocouple. Black data represent the experimental data, blue line is 
the theoretical exponential fitting. 
The temperature profile of the Nabertherm furnace gives an estimation of the 
temperature range that heats the optical fibre at a specific position. As it was 
abovementioned, the Fabry-Pérot sensing element is positioned at the tip of the optical 
fibre. The remaining optical fibre length functions as a waveguide for the interference 
signal which is generated in the Fabry-Pérot cavity. This optical fibre length 
experiences temperatures below the maximum temperature we set on the furnace. 
Hence, these high temperatures affect the optical fibre sitting in the furnace. The 
temperature experimental data (black data), presented in Figure 92, exhibit an 
exponential behaviour starting from the edge of the ceramic tube up to its centre. This 
specific temperature profile of the furnace can justify potential tapering phenomena 
along the optical fibre spliced to our sensor [141-143]. The maximum dopant diffusion 
takes place at the centre of the ceramic tube, while moving out of the furnace the 
diffusion gradually starts decreasing.  
5.2 Propagating mode analysis 
During the annealing and thermal cycling of Fabry-Pérot sensor, a modulated 
phase behaviour in a temperature range between 200°C and 1000°C has been observed. 
This modulated behaviour is attributed to a 2
nd
 order mode cavity that interferes with 
the fundamental cavity of the Fabry-Pérot sensor. According to the optical fibre 
theoretical background, quoted in Chapter 2, an optical fibre is considered single mode 
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for a normalized frequency V<2.405. Above this threshold, the optical fibre can support 
more than one mode. The refractive indices that have been used throughout theoretical 
modelling are calculated from the Sellmeier coefficients (A1, A2, A3, B1, B2, B3), found 
in literature [144, 145]. Both refractive indices of the core (black data) and the cladding 
(red data) of an SMF28 ultra optical fibre, are displayed at Figure 93. 
 
Figure 93. Core and cladding refractive indices of SMF28 optical fibre with respect to 
wavelength of our spectrum. Both values are calculated based on Sellmeier equation with 
coefficients found in the literature [144, 145]. 
Based on theoretical calculations, in Figure 94 the normalized frequency V with 
regards to wavelength, for two different core radii is demonstrated. In the latter figure, 
black data corresponds to the initial radius of the core before the optical fibre is heated, 
α=4.1 μm, while the blue data correspond to the final radius of the core after being 
heated, which is α=5 μm. The final radius comes from the experimental results 
presented in 5.5.3. The red dashed line in the same figure represents the threshold for 
which a fibre terminates to function as single mode. Considering that for a radius of 
α=5μm, each wavelength of the spectrum can support a second order mode (LP11) in the 
fibre, it can be concluded that the appearance of a second cavity in a sensor with this 
core radius is feasible. Assuming that the taper is axisymmetric, as is usually the case 
with a single fibre taper, then the fundamental LP01 local mode can partially couple to 
LP11 mode which its different propagation constant causes the phase modulations at 
high temperatures [75, 76, 146].  
102 
 
 
Figure 94. Theoretical calculation of V-number with respect to wavelength for the initial and 
final core fibre radii, before (black data α=4.1μm) and after (blue data α=5μm) diffusion. The 
red dashed line shows where the V-number is 2.405. 
Using fibre optics toolbox of Matlab software package, a model was built to 
investigate the validation of the 2
nd
 order mode in a 4.2μm and a 5μm core radius 
optical fibre. The input refractive indices of the optical fibre are ncore = 1.44934 and nclad 
= 1.44395. A slight germanium diffusion from core to cladding will transform the step 
index profile to a graded index profile, broadening the MFD of the fibre. For 
simplification purposes, the model calculates the propagating degenerated modes of a 
given optical fibre’s radius for a stepped refractive index profile. The optical fibre is 
considered weakly guided due to the very small difference between the refractive index 
of the core and the cladding. In a weakly guided fibre mode HE11 is denoted as LP01 
mode and the HE21, TM01, TE01 mode triplet as LP11 mode. 
 
Figure 95. Effective refractive index with respect to core diameter for an optical fibre with 
10μm diameter. Both degenerate modes HE11 and HE21, with their correspondent linear 
polarized modes LP01 and LP11, respectively, are shown in caption. The green dashed vertical 
line points out the 8.4μm diameter of a single mode optical fibre, before the beginning of 
diffusion. 
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In Figure 95, the effective refractive index versus core diameter is demonstrated. 
A core diameter of 8.4μm (green dashed vertical line) which corresponds to an unheated 
optical fibre supports only the fundamental LP01 mode. For a 10μm diameter, which 
corresponds to the enlarged core diameter due to diffusion, a 2
nd
 order mode can be 
supported. The red data correspond to the LP11 mode that can propagate simultaneously 
with the fundamental mode in the F-P cavity. Modal dispersion of both propagating 
modes is depicted in Figure 96. As a result, the propagating mode analysis of an optical 
fibre with a characteristic core diameter of 10μm, after diffusion phenomena take place, 
can support a 2
nd
 order mode in its sensing element cavity, which is the linear polarized 
LP11 mode.  
 
Figure 96. Effective refractive index versus wavelength of the fundamental LP01 mode and 
the 2
nd
 order LP11 mode calculated for a 10μm core diameter optical fibre. 
It is worth mentioning that the SMF28 fibre has a step index refractive index 
profile, but after a heating at high temperature the diffusion results showed that the fibre 
exhibited something closer to a graded index profile. Furthermore, the diffusion of the 
germanium dopant towards the cladding modifies the step index profile of the core to 
graded index profile. A graded index profile fibre contains a core in which the refractive 
index diminishes gradually from the centre axis out towards the cladding [147, 148].  
𝑉𝑔𝑟 =  2.405 ∗ (1 + (
2
𝛼
)
1/2
) 
 
Equation 20 
𝑀 =   
𝑉𝑔𝑟
2
4
                     Equation 21 
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The normalized frequency (Vgr) and the number of modes (M) for a graded index 
fibre with a parabolic index profile (α=2) are calculated from Equation 20 and                     
Equation 21, respectively [49, 147]. A 2
nd
 order mode introduction in the sensing 
element is feasible according to Matlab calculations. The theoretical model results 
showed that a parabolic index profile with the 5μm core radius (black data) where the 
dopant diffusion took place at the edges of the core-cladding interface can support a 2
nd
 
order mode (M=2.85). Similarly, when the dopant diffusion takes place on the full area 
of the core (blue data), a 2
nd
 order mode cavity can be supported (M=2.71). In the latter 
occasion, the diffusion leaves the centre of the core with the 85% of its initial refractive 
index and increases the core radius to 5.5μm. Figure 97 portrays the refractive index 
profile of each occasion. 
 
Figure 97. Refractive index profile of an optical fibre before and after dopant diffusion. Red 
data correspond to an unheated stepped index profile. Black data to a heated fibre with 
diffused edges graded index profile, and the blue data correspond to a heated fibre where 
dopant diffusion transforms the stepped index profile to a graded index parabolic profile. 
 
5.3 Schematic tapering representation of Fabry-Pérot sensor 
In 5.1 the temperature profile of the Nabertherm furnace that have been used in 
our experiments, was recorded. The temperature profile is characterized by an 
exponential behaviour starting from the edge of the ceramic tube up to its centre. 
According to that, the region of the sensor placed in the centre of the furnace 
experiences higher temperatures than the region positioned at the edge of the furnace. 
The length of the fibre which sits in the furnace is 17cm, thus the rest of the fibre in 
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which the fundamental signal is travelling, is heated. Hence, the dopant diffusion takes 
place along the whole fibre which sits in the furnace, causing an adiabatic tapering to 
the core of the fibre and leading subsequently to a monotonic increase of the core radius 
[142]. All the Fabry-Pérot optical fibre sensors that have been used throughout the 
phase stability experiments at high temperatures were manufactured with a SMF28 ultra 
waveguiding optical fibre. As it has been described in Chapter 3, the various types of 
sensors that were manufactured had a different type of optical fibre as a sensing 
element. 
 
Figure 98. Schematic representation of a tapered expanded core diameter due to germanium 
dopant diffusion from core to cladding. (a) The sensing element follows the same 
performance. (b) The sensing element has a fluorine doped cladding, thus fluorine dopant 
diffusion from cladding to core takes place. (c) The sensing element is coreless pure SiO2, 
thus diffusion phenomena will not take place in it. 
Figure 98 portrays a schematic representation of germanium’s diffusion along the 
SMF28 ultra waveguiding fibre. In addition, is depicted the core increase due to dopant 
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diffusion, in the sensing element of each type of Fabry-Pérot sensor. The expansion of 
the core diameter results to the increase of mode field diameter (MFD). For 
temperatures above 500
o
C, the thermal expansion coefficient (CTE) is responsible for 
the development of thermal stress for F-P sensors with different doped sensing 
elements, affecting the phase of each sensing element [63]. Both germanium doped and 
fluorine doped fibres experience a MFD broadening due to dopant diffusion, regardless 
of dopant direction, inwards or outwards respectively [149]. A typical core radius of a 
SMF28 ultra is 4.1μm and its correspondent MFD is 5.2μm. According to the 
theoretical calculations on Matlab software an expanded diffused core with a radius of 
5μm shows a MFD of 6.34μm. 
Figure 98(a) portrays the expanded tapered diameter of germanium doped core. 
The sensing element shares the same characteristics with the waveguiding fibre, so it is 
expected a uniform tapering between them. For this type of F-P sensor, the phase 
modulations made their appearance at a later stage during the thermal cycling, and after 
the sensors have been subjected to temperatures up to 1100
o
C for more than 90 days. 
The germanium has a low diffusion rate and the enlargement of core’s diameter needs a 
period to reach a value that can support a 2
nd
 order mode in its cavity. 
On the other hand, in an F-doped F-P sensor the sensing element ends up to a 
larger core diameter than Ge-doped sensing element. In Figure 98(b), a schematic 
representation of diffusion tapering for an F-doped F-P sensor is portrayed. The 
diffusion of fluorine from the cladding to the core occurs with a faster rate, as it is 
lighter than germanium [6]. The fast diffusion of fluorine gives the opportunity at the 
sensing element to support a 2
nd
 order mode even during the annealing cycling. The F-
doped F-P sensors were subjected to temperatures up to 1050
o
C over 55 days and 
according to the experimental results of Chapter 4 the sensor proved to support a 2
nd
 
order mode cavity during both annealing and thermal cycling. Fluorine’s core diameter 
broadening is larger than germanium doped sensing element, creating a diameter 
difference between the waveguiding fibre and the sensing element.  
The main difference between the above-mentioned F-P sensors and the undoped 
pure SiO2 F-P sensor is that there is no core in its sensing element, consequently the 
interference signal is not wave guided. Due to the short length of the sensing element 
(<100μm) there are no significant losses due to beam divergence. Figure 98(c) portrays 
a schematic representation of the coreless undoped pure SiO2 F-P sensor, in which a 2
nd
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order mode cavity can be introduced from the core diameter broadening of the Ge-
doped waveguiding fibre. Diffusion phenomena do not take place in this sensor’s 
sensing element, thus the 2
nd
 order mode cavity depends only by the broadening of 
waveguiding fibre’s core. In this context, an enlarged core diameter of 10μm, with 
respect to Figure 94, can support a second order mode travelling in the core alongside 
the first order mode. There is a small percentage of energy exchange between the first 
and second mode, activating the second order mode and creating the propagation of 
another cavity’s signal. 
 
5.4 Theoretical phase modulated behaviour  
The partial power transfer from the fundamental mode cavity to the 2
nd
 order 
mode cavity generates a superposition of both signals to the output interference signal, 
which is in the sensing element. Each mode’s sinusoidal signal, including their 
superposition is described mathematically in Equation 22, Equation 23 and Equation 
24, respectively. The superposition output signal has a characteristic phase, frequency, 
and amplitude. The latter values are extracted through LabVIEW’s single tone 
extraction VI and are fitted on the reflected sensor’s spectrum. The single tone 
extraction VI takes a signal in, finds the single tone with the highest amplitude, or 
searches a specified frequency range, and returns the single tone frequency, amplitude, 
and phase. The phase modulations presuppose another sinusoidal signal in the 
fundamental cavity causing an oscillation at the single tone detection, and consequently 
at the phase detection. In Equation 24 the parameters α and b, are the coupled energy 
percentage of the total input power. 
 
The 2
nd
 order mode will propagate in the sensing element with a different 
propagation constant. The thermo-optic coefficient of germanium is 6*10
-4
°C
-1
 at 25°C 
I1st mode  =  𝐼1 + 𝐼2 +  2 ∗ √𝐼1 ∗ 𝐼2 ∗ cos (
4 ∗ 𝜋 ∗ 𝑛𝑒𝑓𝑓
1𝑠𝑡 𝑚𝑜𝑑𝑒 ∗ 𝐿
𝜆
) 
 
Equation 22
 
I2nd mode  =  𝐼1 + 𝐼2 +  2 ∗ √𝐼1 ∗ 𝐼2 ∗ cos (
4 ∗ 𝜋 ∗ 𝑛𝑒𝑓𝑓
2𝑛𝑑 𝑚𝑜𝑑𝑒 ∗ 𝐿
𝜆
) 
 
Equation 23
 
𝐼𝑡𝑜𝑡𝑎𝑙 =  𝑎 ∗ 𝐼1𝑠𝑡 𝑚𝑜𝑑𝑒 +  𝑏 ∗ 𝐼2𝑛𝑑 𝑚𝑜𝑑𝑒  Equation 24 
 
𝑑𝑛
𝑑𝑇⁄ =  8.2 ∗ 10
−6 + 1.04 ∗ 10−8 ∗ 𝑇 − 5.6 ∗ 10−12 ∗ 𝑇2  Equation 25 
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[150], two orders of magnitude larger than fused silica. Considering that the core of the 
optical fibre is doped with germanium in a small percentage, the thermo-optic 
coefficient of fused silica, with a 2
nd
 order dependency on temperature (Equation 25), 
will slightly differ from Ge-doped core material [60, 151, 152]. 
The phase response with respect to temperature has been modelled on LabVIEW 
software investigating how a 2
nd
 order mode cavity can generate these phase 
modulations.  Considering that partial coupling of 5%, 10% and 15% intensity from the 
fundamental to the second order mode was achieved. Figure 99 presents the 
correspondent spectra for each occasion. In addition, increasing the coupling power 
transfer of the 2
nd
 order mode in the cavity results to more intense phase modulations. 
This can be seen in Figure 100 where the phase response of a 40μm F-P sensor has 
been modelled for three different power transfer percentages from fundamental mode to 
the 2
nd
 order mode.  
 
Figure 99. Theoretical co-plotted spectra of 1
st
 
and 2
nd
 order mode cavity, of different energy 
coupling. In captions is quoted the energy 
percentage of the 1
st
 and 2
nd
 mode, respectively. 
 
Figure 100. Theoretical calculations of phase 
modulations with respect to temperature. The 
phase response corresponds to a 40μm F-P sensor, 
while each data colour corresponds to a different 
coupled power transfer from the 1
st
 order mode to 
the 2
nd
 order mode cavity. 
In Figure 101, a comparison of the experimental and theoretical phase modulated 
behaviour is presented. This figure presents the phase response of a Ge-doped F-P 
sensor, with 40μm cavity length, after has been stability tested between 900°C and 
1100°C for 90 days. The sensor exhibited an intense modulated phase behaviour during 
its thermal cycling. The black data correspond to the experimental phase response while 
the red data to the theoretical calculated phase. In Figure 101, the introduction of a 2
nd
 
cavity signal interfering with the fundamental cavity resulted to the modulated phase 
response is depicted. The theoretical phase modulation is created by 95% power 
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coupling to the 1
st
 order mode and 5% to the 2
nd
 order mode. There is a good matching 
between the theoretical model and the experimental data, proving that the modulations 
during the thermal cycling emanate from a 2
nd
 order mode cavity interfering with the 
fundamental cavity.  
 
Figure 101. Modulations at the phase response of a 40 μm F-P sensor with regards to 
temperature. The black data correspond to experimental phase data and the red data to the 
theoretical data for a 5% energy transfer to the 2
nd
 order mode cavity. In captions are given 
the fitting functions of both plots. 
 Figure 102 presents the residuals after a 2
nd
 order polynomial fitted to the 
experimental (red square data) phase response and the theoretical (black triangle data) 
phase response. For temperatures above 800°C a mismatch is clearly visible, due to the 
dependency of phase on the thermal expansion coefficient (CTE) at high temperatures. 
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Figure 102. Residuals of experimental (red square data) and theoretical (black triangle data) 
modulated phase fitted with a second order polynomial function. 
 
5.5 Dopant Diffusion Experimental Results 
From the theoretical analysis, dopant diffusion has the capability to cause changes 
on the phase stability response of the F-P sensor. To demonstrate that this effect is 
indeed occurring within these sensors, it was necessary to measure the diffusion in the 
heated fibre. In this section are presented the experimental diffusion results which were 
obtained through an Energy Dispersive X-ray (EDX) Spectroscopy technique, 
measuring the percentage of the dopant’s diffusion. The same technique was applied to 
both sensors, Ge-doped and F-doped, however as fluorine is a low-z material it proved 
to be insufficient to be measured by EDX, according to literature [77, 153, 154]. 
5.5.1 Fibre preparation for Energy Dispersive X-rays (EDX) analysis 
One of the F-P fibre sensors was removed from the furnace and was cut in three 
pieces of approximately 9cm each. The fibres were placed in a resin mixture on a fixed 
position, preparing them for polishing. The polishing of the fibre was done with fine 
grade diamond films placed on a rotational polishing machine. The tip of the fibre must 
be smooth and clean removing any resin debris and residues which can interfere into the 
EDX measurements. After a smooth polished surface is achieved, the sample is coated 
with a thin layer of gold. The metal coating prevents charging of the specimen at high 
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vacuum, which would otherwise occur because of the accumulation of static electric 
fields. It also increases the number of secondary electrons that can be detected from the 
surface of the specimen in the SEM and therefore increases the signal to noise ratio. 
During polishing, the rotation of the diamond pad creates detachment between the 
fibre and embedding resin (Figure 103). These voids generate conduction issues during 
EDX analysis and they are the main reason of the electron beam drift and noise 
introduction to the element concentration percentage. This effect was more intense 
during the multiple line scanning. To overcome these effects these voids should be 
filled with a conductive material to provide a path for the incident electrons to flow to 
ground. After a series of samples, it was managed to overcome and eliminate these 
problems and present the most reliable data.  
 
Figure 103. SEM photo of a fibre's cross section showing the detachment of the resin from 
the fibre. The voids are shown in red circles. 
 
5.5.2 Single EDX line scan 
In Table 7 in two columns the quantitative analysis element concentration of the 
sensor’s core in wt. % are presented. These measurements where recorded after a single 
bombardment of electrons in the centre of the core for the heated and unheated optical 
fibre. Column (A) shows the element concentration for an unheated optical fibre and 
column (B) for a heated optical fibre subjected at high temperature cycling for a period 
of 85 days. At column (A) the germanium concentration in the core is 4.7 wt. %, which 
corresponds to 0.36% refractive index contrast between the core and the cladding. At 
column (B) the germanium concentration is 1.9 wt. %, which corresponds to 40% of the 
initial germanium concentration before heating of the fibre. The presence of gold (Au) 
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and carbon (C) in Table 7 is due to the additional materials preparation of the sample 
for EDX analysis, and can be omitted. 
Table 7. EDX measurements of element detection of Ge-doped sensor's core before and after 
heating. 
 (A)  NON-heated fibre Wt.% (B) Heated fibre Wt.% 
Si 33 32.6 
Au 30.5 29.4 
C 14.4 17.5 
O 17.2 18.7 
Ge 4.7 1.9 
 
According to Corning’s specifications for SMF28 ultra, the refractive index 
difference between the core and the cladding is 0.36%. In brief, the EDX analysis shows 
that after the sensor has been at high temperatures for 85 days, the refractive index 
contrast between the cladding and the core ends up at 0.144%. As the germanium 
cannot disappear from the optical fibre system, it can be concluded that the 60% of the 
germanium in the core has diffused to the cladding. A graphical representation of the 
elemental concentration is depicted in Figure 104 and Figure 105, where they show the 
EDX analysis of Ge-doped sensor’s core, illustrating the detected elements in peaks.  
 
Figure 104. EDX analysis of the unheated Ge-
doped sensor’s core before the 85 days stability 
test. 
 
Figure 105. EDX analysis of the heated Ge-
doped sensor’s core after the 85 days stability 
test. 
Then the same samples were tested for germanium concentration detection with a 
single line scan along the whole diameter of the fibre. At Figure 106, a SEM illustration 
of the Ge-doped sensor’s cross section is presented. It depicts the core, the cladding, and 
the line scan of the EDX analysis. The same SEM/EDX experiment was conducted for 
the F-doped sensors but there was no detection of fluorine in the core, as the EDX 
analysis is ineffective at detect elements with an atomic number less than 10. According 
to the manual of the EDX technique, the standard measurement error is ±0.1wt. %.  
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Figure 106. SEM photo of the Ge-doped optical fibre sensor, displaying the core, cladding 
and the line scan of EDX analysis. 
In Figure 107, the black data correspond to the photon intensity count, of a fibre 
that has been heated for 85 days at temperatures up to 1100°C, while the blue data 
correspond to an unheated fibre. Both data sets are smoothed with 10-point averaging to 
reduce the signal to noise ratio. There is a difference of 150 X-ray photon counts 
between the two samples’ peaks, which is correlated with the dopant diffusion from the 
core to the cladding. In Figure 107 there is an evident difference between the wings of 
the plots, as well. The blue data plot (unheated fibre) has a sharper distribution with 
5μm FWHM, whereas the black plot (heated fibre) shows a wider distribution of Ge 
with a of 8μm FWHM. After integrating the areas beneath the curves, the results show 
that the total doping is equal, for heated and unheated fibre, within ~14µm region of the 
core. In effect, the germanium dopant has diffused a short distance, increasing the core 
radius by 3μm, outwards into the cladding and spreading the refractive index profile. 
 
Figure 107. Wt. % detection throughout a single line scan with EDX analysis technique of 
Ge-doped sensor, before and after the stability test. X-axis represents the diameter of the 
optical fibre. 
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Another F-P optical fibre sensor remained within a temperature range up to 
1050°C for approximately 90 days has been tested with EDX analysis. In this case, 
Figure 108 demonstrates the germanium weight concentration percentage of both 
heated and unheated position of the optical fibre, after being fitted with a Gaussian 
function and then smoothed with a 10-point averaging. In Figure 108, the weight 
concentration difference between the fibres is 15%, which is less than the one shown in 
Figure 107. In addition, the measured FWHM of the unheated fibre is 4.86μm while for 
the heated fibre is 6.29μm. This is an evidence that the core diameter enlarges 
approximately 30% on top of its initial diameter. An unheated core diameter is 8.2μm at 
which corresponds to 4.86μm FWHM, according to that the calculated FWHM of 
6.29μm indicates a core diameter of 10.8μm. This suggests that the germanium is 
diffusing towards the cladding of the fibre, due to thermal diffusion effects. 
 
Figure 108. Wt. % detection throughout a single line scan with EDX analysis of the heated 
(black line) and unheated (blue line) Ge-doped optical fibre. Both data were smoothed with a 
10-point averaging. 
5.5.3 Multiple EDX line scan 
Multiple line scans for germanium detection along the full area of the fibre’s core, 
were applied. In Figure 109, a SEM image displays the EDX series of line scans that 
were applied on the core area is depicted. The spacing between the line scans is 2μm at 
the edges and 1μm in the centre, of the red block shown in the inset of Figure 109. In 
that way, is presented a complete estimation of the germanium across the full core area 
and the adjacent cladding. 
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Figure 109. SEM photo displays the multiple line scans of core's full area. In the inset graph 
is depicted a maximized view of multiple line scans. 
An optical fibre sensor was removed from the furnace and was cut in three pieces 
of 9cm each. Figure 110 shows each piece of the fibre represents a specific position in 
the furnace. Thus, position 1 is the tip of the sensor which was exposed to the maximum 
heating (1021°C), position 2 is the middle of the fibre (985°C) and position 3 was kept 
at room temperature (25°C) throughout the stability tests. 
 
Figure 110. Optical fibre's positions in furnace that have been used for EDX analysis. 
The F-P optical fibre sensor that has been used for the multiple line scan diffusion 
analysis has been tested in a range of temperatures between 900°C and 1050°C, over 
100 days. Figure 111, Figure 112 and Figure 113 portray the germanium percentage 
concentration covering the full area of optical fibre’s core. Each graph represents the 
different longitudinal position of the heated fibre. Figure 111 shows the germanium 
percentage (wt. %) of the unheated fibre at position 3. Figure 112 and Figure 113 
represent the germanium percentage (wt. %) of the heated fibre at position 2 and 
position 1, respectively.  
According to optical fibre core expanded tapering theory the relationship of each 
fibre’s position in the furnace with the dopant diffusion is directly connected via the 
temperature gradient of the furnace temperature profile illustrated in 5.1. It is expected 
the fibres that have been exposed to high temperatures (position 2 and position 1) to 
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exhibit a wide germanium distribution along the core and show low peak germanium 
concentration in the centre of the core.  
 
 
Figure 111. Display of core's germanium concentration percentage of position 3, correlated 
with the unheated optical fibre (25°C). Y axis corresponds to distance label and has been 
stretched for clarity. 
On the other hand, fibres that have not been heated at all (position 3), they will 
keep a steep germanium distribution with the highest peak sitting at the centre of their 
core. This is obvious (Figure 111) where the unheated fibre (position 3) is presented. 
The detected germanium concentration in the centre of the core is 8.1 wt. % showing 
the highest peak compared to its lateral line scans. The fibre at this position holds a 
stepped index profile which is not visible due to accuracy limitations of the line scan 
technique. Also, the electron beam drifting had to overpassed as line scans that lie close 
to each other made the multiple line scan procedure. 
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Figure 112. Display of core's germanium concentration percentage of position 2, correlated 
with the heated optical fibre (985°C). Y axis corresponds to distance label and has been 
stretched for clarity. 
In Figure 112, the germanium concentration of position 2 of the optical fibre is 
depicted. The highest peak of germanium concentration is approximately 5.8 wt. % in 
the centre of the core, which corresponds to the 70% of the initial core germanium 
concentration, according to rough calculations. This can be seen at the lateral line scans 
around the core in Figure 112, where their germanium concentration has a minimum 
difference with the concentration in its core. This is an adequate evidence which 
validates the transformation of a stepped index profile to a graded index profile, while 
in the same time tapered expansion of the core’s diameter takes place.  
As expected, the germanium concentration for the position of fibre (position 3) 
which has been heated the most shows the lowest peak in contrast to previous fibre 
positions that have been analysed. In Figure 113 the broadened germanium distribution 
around the centre of the core (approximately at 5μm distance - Y axis) can be seen. The 
germanium concertation is 4.9 wt. % in the centre of the core, while the lateral line 
scans show a similar value of concentration. Comparing the initial germanium 
concentration of position 3 with the concentration of position 1, it can be concluded that 
high temperatures diffused germanium leaving the centre of the core with 60% of its 
initial concentration. The rest 40% was diffused towards the cladding transforming the 
optical fibre to a graded index profile.  
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Figure 113. Display of core's germanium concentration percentage of position 1, correlated 
with the heated optical fibre (1021°C). Y axis corresponds to distance label and has been 
stretched for clarity. 
The multiple line scans of core and cladding germanium concentration profile 
raised the opportunity to detect the maximum dopant concentration along the whole 
surface of fibre’s cross section. Through this we eliminated the errors of manual single 
line scan selection, which could end up comparing concentrations of different distances 
along fibre’s cross section. From the abovementioned results, the maximum germanium 
concentration sits in the centre of the core. As it is expected, position 1 has the 
minimum germanium dopant concentration (4.86 wt. %) while position 3 shows the 
highest germanium dopant concentration (8.1 wt. %).  
Figure 114 presents the core germanium concentration with respect to fibre 
radius, for the three positions of the same fibre, giving a metric estimation of the 
germanium distribution of each fibre’s position. In the same figure, the blue data 
correspond to position 3 while the red data and black data correspond to position 2 and 
position 3, respectively. In the label is displayed the recorded temperature of the furnace 
at which corresponds each fibre’s position, after setting the furnace at a maximum 
temperature of 1021°C. 
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Figure 114. Germanium concentration at the centre of the core of position 1 (black square 
data), position 2 (red circle data) and position 3 (blue triangle data) of the fibre with respect 
to fibre's radius. 
In Figure 115, a representation of the peak germanium concentration of core’s 
centre (Figure 114) with respect to the longitudinal position of the optical fibre sitting 
in the furnace is presented. On the X-axis from the left to the right is depicted the depth 
of the furnace cylindrical tube, meaning that in longer lengths the temperature is higher. 
The beginning of the X-axis corresponds to the unheated piece of the fibre which is out 
of the furnace tube. An exponential fitting was applied to the experimental data, which 
is in accordance with the exponential temperature profile of the furnace. 
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Figure 115. Germanium concentration with regards to optical fibre's longitudinal position 
placed in the furnace. At 17cm sits the heated position 1 fibre, while at 0cm the unheated 
position 3 fibre. 
Figure 116 and Figure 117 illustrate the calculated FWHMs of the germanium 
concentration profile for both position 3 and position 1, respectively. Due to limitations 
at the EDX analysis line scans it was difficult to decrease their distance less than 1μm, 
increasing in this way the accuracy of our measurements. Thus, the short sample of data 
points at FWHM of each line scan reduces the accuracy of the Gaussian fitting at both 
figures. 
 
Figure 116. Gaussian fit of each line scan’s FWHM of position 3 with respect to distance. 
Distance in X-axis denotes the distance fibre’s diameter of the stretched Y-axis of Figure 111. 
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Additionally, a Gaussian fit to the FWHM profile of Figure 116 and Figure 117 
is applied, which simulates the overall FWHM of the germanium distribution profile for 
each fibre position. In the insets of both figures, they can be seen the fitted values of the 
Gaussian fit. Although, the Gaussian fit at both figures is not very accurate, it does 
provide a suitable metric to compare the diffusion of germanium at each position. 
 
Figure 117. Gaussian fit of each line scan’s FWHM of position 1 with respect to distance. 
Distance in X-axis denotes the distance fibre’s diameter of the stretched Y-axis of Figure 113. 
In Figure 118 the calculated FWHM of each position of the same fibre, 
corresponding to dopant diffusion plotted against maximum temperature is presented. 
Position 1 of the fibre (Figure 117) has been exposed to the highest temperature, and it 
is characterized by the highest FWHM value (FWHM=9.32μm) among the three 
positions. On the other hand, position 3 (Figure 116), which has been unheated, should 
have the minimum FWHM value (FWHM=7.7μm). In Figure 118, was applied an 
exponential fitting estimating the behaviour of the diameter’s broadening due to 
diffusion. Considering that the overall FWHM of an unheated fibre is 7.7μm, it can be 
calculated the core increase for the heated fibre with a FWHM of 9.32μm. The result is 
a 20% increase at the overall FWHM, meaning that the core diameter of the fibre has 
been broadened by the same amount due to dopant diffusion. In the same way, the 20% 
increase of FWHM leads to a rough estimation of core’s radius increase from α=4.1μm 
to α=5μm. This then corresponds to the final radius of the fibre after being heated for 
100 days at temperatures up to 1100°C. In addition, Figure 118 shows the exponential 
behaviour of the FWHM agreeing with the furnace temperature profile which shows an 
exponential decrease form the centre towards its edge. 
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Figure 118. FWHM of core's germanium distribution for each fibre with respect to 
temperature, fitted with an exponential function. 
 
5.6 Conclusions of Chapter 5 
A thorough investigation, based on multiple EDX line scanning, extracting the 
germanium wt. % concentration and FWHM determination was presented. The 
investigation was applied on both heated and unheated pieces of the same fibre. 
Through theoretical calculations it was concluded that dopant diffusion and tapering due 
to exposure of the optical fibre to high temperatures, can lead to an introduction of a 2
nd
 
order mode cavity in the sensing element cavity of F-P sensor. The result is the 
introduction of a 2
nd
 order mode (LP11) in the interference signal of the fundamental 
mode (LP01), generating a modulated phase behaviour during annealing and thermal 
cycling of the F-P optical fibre sensor.   
An Energy Dispersive X-ray Spectroscopy (EDX) analysis on the germanium 
doped sensors has been accomplished to investigate the diffusion of germanium from 
the core to the cladding, after the sensor has been subjected to high temperatures. As a 
result, the germanium concentration in the core of the sensor has been dropped down to 
the 60% of the initial dopant concentration, after 85 days at temperatures above 900°C. 
Also, a multiple line scan EDX analysis of another set of heated fibres which were 
tested in a range of temperatures between 900°C and 1050°C over 100 days, gave 
similar results close to 60%. Through calculations of FWHM and germanium wt. % 
concentration the 40% of germanium dopant that have been diffused towards the 
cladding expanded the core radius by 0.9μm.  
123 
 
The result is a broadened core diameter of 10μm which can support a 2nd order 
mode cavity, according to our theoretical calculations. Thus, germanium dopant 
diffusion affects the core radius by making it larger, which can lead to expanding 
tapering phenomena and transformation of the single mode core to a multimode core, 
for specific wavelengths. Complementary to phase transition point and crystallization of 
fused silica at high temperatures, dopant diffusion can be an additional reason of F-P 
sensor’s phase drifting at high temperatures. 
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Chapter 6: Conclusions and Future Work 
6.1 Conclusions and Discussion 
The essence of this thesis is based on the optical fibre sensing field, aiming to 
make robust and reliable intrinsic Fabry-Pérot optical fibres for high temperature 
sensing. The characteristics and basic principles of optical fibres sensors were outlined.  
Optical fibres made of fused silica (SiO2) material, proved to be an excellent candidate 
for high temperature sensing applications. However, temperatures above 1000°C proved 
to have a huge impact on Fabry-Pérot sensors’ phase stability response. The reason is 
the inwards or outwards dopant diffusion between optical fibre regions, depending on 
Fabry-Pérot sensor’s optical fibre type, which affects the phase response stability of the 
Fabry-Pérot sensor. Different types of intrinsic Fabry-Pérot optical fibre sensors 
(125μm-Cr-125μm diameter formation) were manufactured with sensing elements made 
by Ge-doped core, F-doped depressed cladding and pure SiO2.  
Following to the objectives that have been outlined at the begin of this thesis, a 
thorough investigation of Fabry-Pérot optical fibre sensors in a temperature range 
between 850°C and 1100°C very encouraging and promising results. The highest 
temperature at which long-term stability has been achieved was 1000°C for Fabry-Pérot 
sensors with Ge-doped and pure SiO2 sensing elements. Their resolution at that high 
temperature range was less than 5°C for a 1 sec measurement time, while for a 10-data 
points measurement average (~1Hz) dropped down to less than <2°C. 
Table 8. Temperature drifts of different type of Fabry-Pérot sensors. 
Temperature 
 
Type of sensor 
1050°C 
(over 5 days) 
1000°C 
(over 5 days) 
900°C 
(over 8 days) 
Ge-doped core SMF28 ultra  18.1°C 9°C 4°C 
Pure fused silica – PCF  11.4°C  <1°C <1°C 
F-doped depressed cladding 
F-SM1500SC-P 
>100°C  >100°C  <10°C 
The long-term phase response stability results in a temperature range between 
850°C and 1150°C for periods up 4 months, showed that Ge-doped core and pure SiO2 
Fabry-Pérot sensors can be used for reliable temperature measurements for 5 days up to 
1000°C with a temperature drift less than 9°C and 1°C, respectively. The temperature 
drift of each sensor can be seen in Table 8. In details, a temperature drift less than 4°C 
was achieved at ambient temperatures below 950°C. In the same way, pure SiO2 sensing 
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element Fabry-Pérot sensors’ overall performance showed a temperature drift less than 
1°C at 1000°C and 900°C over 5 and 8 days, respectively. These sensors exhibited the 
same temperature drift for temperatures below 1000°C up to 8 days giving the most 
satisfying stability results. On the other hand, high instability at the phase response has 
been noticed for F-doped depressed cladding Fabry-Pérot sensors at temperatures above 
900°C, achieving a minimum temperature drift of 7°C at 850°C over 7 days. However, 
it should be noticed that all Fabry-Pérot sensors presented better phase response 
stability when a stability test cycle was preceded reaching up to 1100°C.  
A challenging objective that has been investigated was the insufficiency of Fabry-
Pérot sensors for the long-term performance stability at temperatures higher than 
1000°C. The results showed that above 1000°C, the sensors proved to be highly 
unstable, with large discrepancies and unpredictable phase drifts in response. Ge-doped 
core and F-depressed cladding Fabry-Pérot sensors exhibited in common some 
characteristics during their stability tests. A phase difference between the same 
temperatures of a different stability cycle (phase response with respect to time) was 
visible to both Ge-doped and F-depressed cladding sensors. Complementary to this, 
similar phase differences were noticed between thermal cycles (phase response versus 
temperature) at different periods during a long-term stability test.  On the other hand, 
these phase differences were eliminated or negligible at the pure SiO2 sensors. This is 
attributed to the lack of dopant in their sensing element, which improved their phase 
response stability over time exhibiting low temperature drift results. The outcome is that 
the phase differences proved to be highly correlated with the permanent change of 
core’s refractive index of the sensor due to dopant diffusion. Fluorine’s diffusion rate is 
much faster than germanium’s, hence its diffusion in the core affected its refractive 
index causing phase drifting even in the beginning of a stability test. Further analysis 
using multiple lines scanning of a heated germanium doped optical fibre cross section 
validated that the germanium concentration in the core of the sensing element was 
dropped down to the 60% of its initial dopant concentration. The germanium 
concentration of three positions, of the same optical fibre, showed that the position 
which was sitting in the centre of the furnace had 4.9 wt.% germanium concentration. 
The position of the fibre that was sitting at a quarter of the total length of the furnace 
showed 5.8 wt.% germanium concentration and the position outside of the furnace, 
referred as unheated, showed a germanium concentration of 8.1 wt.%. These fibres 
stayed for 85 days at temperatures above 900°C.  
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In addition, another effect that has been noticed to all types of Fabry-Pérot sensors 
was a modulated behavior at the phase response versus temperature graphs. The phase 
modulations made their appearance after different periods for each type of sensor, due 
to the different diffusion rate of sensing element’s dopant. Our theoretical model’s 
calculations confirmed that these phase modulations emanate from a partial coupling of 
total power to the 2
nd
 order mode (LP11), and its introduction in the interference signal 
of the fundamental cavity mode (LP01). The most intense phase modulations occurred at 
the pure SiO2 sensor, as its sensing element does not consist of a core and the light is 
not waveguided in it. Due to this, a 2
nd
 order mode cavity is more possible to interfere. 
The dopant diffusion caused an enlargement of the optical fibre core’s diameter 
transforming its refractive index profile from stepped to graded, and consequently from 
single mode to multimode for specific wavelengths. This agrees with the experimental 
diffusion results, as the mapping of germanium distribution of a heated optical fibre’s 
cross section proved that the stepped index profile was transposed to graded index 
profile. The 40% of germanium in the core was diffused towards the cladding, enlarging 
core’s diameter by 1.8μm. The result was a broadened core diameter of 10μm which 
enables the support a 2
nd
 order mode cavity, agreeing with our theoretical calculations. 
Finally, the experimental results confirmed that the core diameter is exponentially 
increased in a tapered formation, longitudinal to the waveguiding optical fibre. The 
exponential formation comes from the exponential temperature profile of the furnace. 
The conclusion is that long-term exposure of optical fibres to high temperatures 
causes inwards/outwards dopant diffusion to the core/cladding, respectively, and 
consequently an irreversible change in the fibre properties, gradually transforming the 
stepped refractive-index profile to a graded shape profile. As long as most optical fibres 
are doped with various elements for refractive index modification, it must be considered 
that dopant diffusion will lead to expanded core tapering phenomena and refractive 
index profile transformation. These effects are significantly enhanced at temperatures 
higher that 1000°C. The new contribution to knowledge addressed in this thesis is the 
successful long-term stability performance, up to 4 months, of Fabry-Pérot optical fibre 
sensors. Despite the various temperature drifts the sensors exhibited, at different 
temperature ranges, they were still operational at the end of these long-term stability 
tests. In addition, EDX multiple cross section linescan of optical fibre sensors is 
considered an innovative technique for dopant diffusion detection. This technique has 
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been used successfully applied to estimate dopant’s percentage in the core and the 
cladding before and after the long-term stability tests. 
6.2 Future Work 
Dopant in the Fabry-Pérot sensing element has been eliminated by replacing it 
with a pure SiO2 cavity. A feasible type of sensor of 125μm-Cr-125μm formation (type 
1) with a 100μm diameter sapphire (Al2O3) sensing element could be manufactured. 
Some preliminary work has been conducted on welding and cutting a sapphire (Al2O3) 
disk onto a 125μm diameter SMF28 ultra optical fibre with ultrashort picosecond laser 
pulses. The sapphire fibre or disk cannot be spliced with the custom fibre splicing 
techniques, such as filament or arc fusion splicers due to its hardness. Instead, it could 
be welded to the tip of an optical fibre by high precision ultrashort laser 
micromachining, making in this way a robust Fabry-Pérot sensor for temperature 
monitoring above 1100
o
C. Figure 119 shows a schematic diagram of the Fabry-Pérot 
sensor’s integration. The sapphire crystal is characterized by high temperature melting 
point (2040°C) of no porosity or grain boundaries.  
 
Figure 119. Schematic diagram of laser welding and cutting of a sapphire disk onto an 
optical fibre for intrinsic Fabry-Pérot optical fibre integration. 
The goal of intrinsic Fabry-Pérot optical fibre sensors is their embedment in 
metallic structures, so that the sensors will be capable to temperature sensing from 
within a metallic component. The optimum sensor formation for encapsulation is the 
128 
 
stepped diameter Fabry-Pérot sensor (type 2). The small diameter (50μm) of the sensing 
element is excellent choice for encapsulation in fused silica capillaries.  
Nevertheless, two challenges for future work should be considered. The first 
challenge is the manufacturing process which is time consumable, due to the many 
splicing-cleaving stages of fibres with different diameters. The manufacturing process 
of a single stepped Fabry-Pérot sensor needs very precise work for almost a day. An 
idea for elimination of these problems it would be the use of HF etching solution in 
replacement of the time consumable splicing and cleaving procedure. This can be 
succeeded by using a bundle of 125μm diameter SMF28 ultra optical fibres and 
submerge them in acid solution causing homogeneous decrease of diameter. Hence, the 
elimination of multiple splicing-cleaving steps, massive production of sensors and 
homogeneous sensors of the same SMF28 optical fibre can be achieved. By achieving 
that, the only remaining stages will be the chromium deposition on the 50μm diameter 
fibre and the splice of the 50μm diameter sensing element. The second challenge should 
be the 50μm diameter doped sensing element, which ideally could be replaced by a pure 
undoped material, such as sapphire. The welding and cutting technique with ultrashort 
picosecond laser pulses could be used effectively for the integration of a homogeneous 
stepped intrinsic Fabry-Pérot optical fibre sensor. 
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